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Abstract
This dissertation demonstrates the use of individual optically heated gold nanoparticles as sensors
for investigations of heat transport and intensity modulation of light. The experiments employ the
photothermal effect, which allows the selective detection and investigation of individual absorbers.
The photothermal contrast is based on absorbing particles that are optically excited and relax via
nonradiative processes. The absorbers act as nanosources of heat. The local temperature elevation
leads to a local refractive index change due to thermal expansion which then acts as a lens. This
thermal lens alters the propagation of a second non-absorbed beam of light. As the refractive index
change with temperature is minuscule, the transmission changes of the detection are tiny as well.
The photothermal signal is amplified by the use of a modulated detection scheme which enables the
methods high sensitivity and provides a time scale for the measurement of thermal transport.
The heating laser beam is intensity-modulated and thereby produces a small modulation of the beam
waist of the detection laser beam and thus the transmitted power through an aperture. This mod-
ulation amplitude and phase are detected by a lock-in amplifier. Amplitude and phase depend on
the modulation frequency and the thermal diffusivity of the material surrounding the nanoparticle.
The frequency-resolved measurement of the two observables and their modeling using a generalized
Lorenz–Mie theory allows the measurement of thermal diffusivities. In the second variant, the spread
of heat into space is observed. A nanoparticle is optically heated, and the extended thermal lens is
characterized by the deflection of a second laser beam. The deflection signal is modeled using ray
optics to determine the thermal diffusivity of the material surrounding the nanoparticle.
In a further experiment, the great potential of optically heated nanoparticles is demonstrated. Indi-
vidual gold nanoparticles are embedded in a thin nematic liquid-crystal layer acting as a half-wave
plate. The gold particles are optically heated. They control the transmission of a detection laser set
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Referat
Diese Dissertation demonstriert die Nutzung von einzelnen optisch geheizten Goldnanopartikeln als
Sensoren für die Untersuchung von Wärmetransport und als Intensitätsmodulator für Licht. Die
beschriebenen Experimente basieren auf der photothermischen Mikroskopie, die die selektive Ab-
bildung and Untersuchung von einzelnen absorbierenden Objekten ermöglicht. Goldnanopartikel
werden optisch angeregt. Die Relaxation erfolgt durch nichtstrahlende Prozesse, die zu einer lokalen
Erhöhung der Temperatur führen. Die Erwärmung führt zu einer Verringerung der Brechzahl, die als
thermische Linse wirkt und dadurch die Ausbreitung eines zweiten nicht absorbierten Lichtstrahls
verändert. Da die thermische Änderung der Brechzahl sehr gering ist, wird das photothermische
Signal durch das moduliertes Detektionsverfahren verstärkt.
Der Heizlaserstrahl wird intensitätsmoduliert und erzeugt dadurch eine geringe Modulation der
Strahlbreite des Detektionslaserstahls. Damit verändert sich die Leistung, die durch eine Blende
transmittiert wird. Diese Modulationsamplitude and Phaseverzögerung werden mittels eines phasen-
empfindlichen Gleichrichters detektiert. Amplitude und Phase hängen von Modulationsfrequenz
und thermischer Diffusivität ab. Die frequenzaufgelöste Messung der beiden Größen und deren
Modellierung mittels einer verallgemeinerten Lorenz–Mie Theorie ermöglicht die Messung von der
thermischen Diffusivität des Mediums, das das Goldnanopartikel umgibt. In der zweiten Variante
wird die Ausbreitung der Wärme beobachtet. Ein Nanopartikel wird optisch geheizt und die aus-
gedehnte thermische Linse wird mit Hilfe der Ablenkung eines zweiten Laserstrahls vermessen. Das
Ablenkungssignal wird mittels eines strahlenoptischen Models berechnet, um die thermische Diffu-
sivität des Materials zu bestimmen, das das Nanopartikel umgibt.
In einem weiteren Experiment wird das große Potential von optisch geheizten Nanopartikeln verdeut-
licht. Einzelne Goldnanopartikel werden in eine dünne nematische Flüssigkristallschicht eingebettet,
deren Dicke darauf abgestimmt ist, dass die Schicht eine λ/2-Platte darstellt. Die Goldnanopartikel
werden optisch geheizt und steuern damit den Phasenübergang von der nematischen zur isotropen
Phase. Damit wird die Transmission eines zweiten Laserstrahls im Polarisationskontrast geändert.
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CHAPTER 1. INTRODUCTION 2
Thermal energy can be transferred by thermal convection, thermal radiation, and thermal conduction.
Convection is the transport of heat due to the movement of matter. On macroscopic length scales,
heat is applied whenever large amounts of heat shall be transferred. In this case, it is the most efficient
mode of heat transfer. On the nanoscale, the contribution of convection to heat transfer is negligible
as fluid convections are immediately damped due to the dominant role of viscous forces.1 Thermal
radiation between two bodies is the transfer of heat due to photons, which is usually important in the
vacuum only as the heat conduction and convection are much more efficient at ambient temperatures.
However, thermal radiation is significantly enhanced once the particle separation decreases below
the thermal wavelength. Then, photons can tunnel between two bodies.2 Last but not least, there is
heat conduction which is the transport of heat inside a material mostly due to mechanic vibrations
of molecules or atoms and also due to the movement of free electrons.3 This thesis focuses on heat
conduction.
During the transfer of the thermal energy from the hot segment of a body to the cold one, the heat
carriers are scattered multiple times making heat conduction a diffusive process. Therefore, the rate
at which the thermal energy is transported is proportional to the temperature gradient. The thermal
conductivity κ is the proportionality constant. This dependence is also known as Fourier’s law and
has been validated for numerous systems. Fourier’s law becomes invalid once the mean free path of
the collective lattice vibrations called phonons is smaller than the dimension of the material.4 Using
far-field optical control, heat conduction is studied for macroscopic samples,5 at interfaces,6 or for
particle ensembles.7–9 Thermal transport measurements in single nanostructures typically require
physical contact with the sample. Examples are scanning thermal microscopy,10, 11 and heat transfer
between two heat reservoirs.12 Thermal transport measurements are not routinely done with methods
that study thermal transport with single particles using far-field optical readout. There are various
scientific questions which cannot be addressed thoroughly with the existing techniques including
thermal transport in cells and polymers.
Temperature measurements in cells gave temperature elevations that exceed theoretical estimates by
orders of magnitude.13, 14 These measurements are unlikely to be artifacts due to the wide valida-
tion by many research groups using different methods including quantum dots,13 fluorophores,15 or
thermocouples.16 Studying thermal transport in cells could provide an answer to the asked question.
Cells are highly heterogeneous. Therefore, thermal transport inside cells is expected to be heteroge-
neous. The study of thermal transport in cells requires the localized resolution of thermal transport
phenomena using far-field optical readout to disturb the cell as little as possible.
The heat conduction in polymers depends strongly on their morphology. In bulk, polymers consist
of randomly entangled macromolecules. The thermal conductivity along the chain is very large and
supposedly orders of magnitude larger than the bulk one.17 Along the chain, the atoms are strongly
coupled and can transfer thermal energy very efficiently. The coupling between different chains and
chain segments is much weaker leading to a lower thermal conductivity. The thermal conductivity
of polyethylene can be as small as 0.31Wm−1 K−1 in the bulk18 or as large as 104Wm−1 K−1 for
drawn polymer fibers.19 As the thermal conductivity shows such strong dependencies on the mor-
phology,20 which might change within the sample,21 local single particle-resolved thermal transport
measurements are required to obtain a throughout understanding of the underlying microscopic mech-
anisms. An additional question is the thermal transport of elastic polymers under mechanical load.
3
This topic is still largely unexplored experimentally due to limitations of the existing measurement
schemes. Molecular dynamic simulations predict that the thermal conduction will increase with the
strain along the direction of the elongation.22, 23 Local thermal transport studies in spider silk could
help to uncover its peculiar mechanic24 and phonon properties25 which are based on its complex
nanostructure.
In this thesis, the aim is to develop a technique that can study thermal transport on the single particle
level, has far-field optical readout, and requires only small temperature increases for the measure-
ment. Single gold nanoparticles are used. They are optically excited at their plasmon resonance to
induce local temperature elevations. The nanoparticle relaxes via nonradiative pathways increasing
its temperature. This heat is released into the environment of the nanoparticle creating a localized
temperature profile. The local temperature increase results in a change of the refractive index due to
thermal expansion. The local refractive index change acts as a thermal lens and is detected by a second
non-absorbed laser beam and is used as the sensor for the temperature measurement. The thermal lens
changes the divergence of the focused detection laser beam, which results in a transmission change
through an aperture.26–28 If the detection laser passes the thermal lens offset to the optical axis the
detection laser beam is deflected, which can be detected by a quadrant photodiode.29, 30 Photothermal
lensing is the mechanism typically employed in single particle photothermal microscopy. It is al-
ready a well-established technique for the study of absorption cross sections of single molecules,31, 32
quantum dots,33 carbon nanotubes,34 metallic nanoparticles26 and nanostructures.35 It also allows
the measurement of absorption spectra.33, 36–39 Like fluorophores, gold nanoparticles can be used as
contrast agents to label proteins40, 41 and track their movement in cells.42 Compared to fluorophores,
plasmonic nanoparticles neither bleach nor blink.43 Photothermal correlation spectroscopy is the
counterpart of fluorescence correlation spectroscopy and allows studying dynamics of gold nanopar-
ticles in nonequilibrium.44–48
The photothermal signal Φ is the transmission change upon optical heating and is proportional to
the temperature elevation at the nanoparticle’s surface ∆T = σabsI
4πκR depending on the intensity of the
heating laser I, the absorption cross section σabs, the thermal conductivity κ, and the particle radius
R. However, the measurement of the thermal conductivity requires the exact value of σabs which is
proportional to R3. Gold nanoparticles usually have size dispersions of about 10%49, 50 leading to
variations in the absorption cross section of 30%. This uncertainty would limit the accuracy of the
thermal conductivity measurement using a single nanoparticle. Nevertheless, this measurement has
been used to quantify the effective thermal conductivity around a single heated nanoparticle posi-
tioned at interfaces.51, 52 However, this approach requires large temperature increases at the particle
surface and the measured thermal conductivities have large uncertainties.
If the temperature profile is modulated, one can also measure the thermal diffusivity α = κ/cpρ,
which is the quotient of thermal conductivity and heat capacity at constant pressure cp times density
ρ. While κ quantifies the rate of thermal energy transport, α is the rate at which temperature profiles
are built up. In photothermal microscopy, a modulated detection scheme is routinely utilized. The
repeated transmission measurement while the nanoparticle is heated and not heated is the basis of the
sensitivity of photothermal microscopy and the time scale for the measurement of thermal transport.
The intensity of the heating laser is harmonically modulated leading to a modulation of the refractive
index field, which is detected by a second non-absorbed laser beam. As the frequency of the modu-
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lation is known, and the modulation amplitude of the transmission is very small, a lock-in amplifier
processes the signal. It measures the modulation amplitude and phase delay between optical heating
and the detection signal.
The amplitude of the photothermal signal is known to depend on the modulation frequency and the
thermal diffusivity. At low modulation frequencies the temperature profile is completely modulated,
and at high ones, the modulation is diminished. Therefore, the amplitude of the photothermal signal
is found to decrease with the modulation frequency.43, 53 The previous approaches to extract thermal
diffusivities in the vicinity of the nanoparticle from the frequency dependence of the photothermal
lensing signal have yielded unrealistic results due to a simplified model.53, 54
As already outlined, single particle photothermal microscopy is chosen as it is sensitive to the ther-
mal diffusivity in the vicinity of an absorber. The nanoparticle acts as a heat source, and the local
refractive index change is the temperature sensor. The thermal diffusivity measurement is performed
in the frequency domain where the heating laser is intensity-modulated and the detection laser senses
fluctuations at that particular frequency. A lock-in amplifier measures amplitude and phase delay of
the intensity modulated detection signal. Single particle thermal transport measurements are demon-
strated for two different variants of single particle photothermal microscopy. The first implementation
utilizes the frequency-dependent photothermal lensing signal. The photothermal lensing signal has an
amplitude that drops with the modulation frequency and a phase delay that increases. The phase delay
accounts for the fact that the maximal temperature elevation and maximal heating intensity are not in
phase at high modulation frequencies. The optically detected phase delay is an average of the phase
delays induced by thermal transport. The averaging is caused by the diffraction limited detection
laser which is much larger than the nanoparticle. To extract the thermal diffusivity from this mea-
surement, the interaction between the focused detection laser and the gold nanoparticle surrounded
by the time-dependent refractive index field is calculated by a generalized Lorenz–Mie theory.26 The
second implementation is based on single particle photothermal deflection where the heating laser re-
mains focused on the nanoparticle. The detection laser is scanned to probe the extended thermal lens.
The thermal diffusivity is measured by following the propagation of heat away from the particle. The
deflection intensity decreases with distance and the phase delay increases linearly for large distances.
A simple ray optics model based on Fermat’s principle is used to extract the thermal diffusivity.
Finally, photothermal effects are studied in the liquid crystal 4-Cyano-4’-pentylbiphenyl (5CB). At
room temperature, 5CB is a birefringent material that changes the polarization of transmitted light.
The liquid crystal also features a nematic to isotropic phase transition where the optical anisotropy is
lost. To enhance the signal by using the phase transition and the birefringence of the liquid crystal,
a half-wave plate is produced from the liquid crystal, and gold nanoparticles are embedded. Upon
optical heating of the nanoparticle the phase composition is changed, which affects the polarization
of the transmitted light. The detection laser is set up in a polarization contrast configuration. In that
manner, local phase transitions induced by a single optically heated gold nanoparticle can be detected.
Using this setup the detection laser can be modulated by 100% making the gold nanoparticle a simple
yet efficient intensity modulator for light.
5
The manuscript is arranged in the following way. Chapter 2 discusses physical concepts required for
the interpretation of the photothermal microscopy measurements, gives details on the state-of-the-art
in thermal transport measurements and photothermal microscopy. Chapter 3 gives detailed informa-
tion required for the execution and evaluation of the experiments. Chapter 4 presents and discusses
the experimental investigations. In particular, the applicability of photothermal microscopy to the
study of thermal transport is demonstrated and examined in detail. The chapter closes by showing
an all-optical modulation scheme using a single gold nanoparticle embedded into a liquid crystal ma-
trix. Chapter 5 summarizes the manuscript and gives perspectives for the application of single gold
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This chapter will shortly establish the theoretical background required for the understanding of the
experimental results and the simulations conducted during this thesis. First, the interactions between
metallic nanoparticles and light are discussed. Then, discussions on thermal transport and liquid
crystals follow. This chapter closes with an overview of methods employed for the photothermal
detection of single absorbing nano-objects.
2.1 Interactions Between Metallic Nanoparticles and Light
The most elementary interaction between light and matter is the polarization of a single hydrogen
atom by a plane wave. The atom consists of a positively charged proton and a negatively charged
electron. The incident electromagnetic radiation polarizes the atom and results in an oscillation of the
dipole at the frequency of the light wave. The electric dipole reradiates the electromagnetic energy
as a Hertzian dipole. This process is also known as scattering. The superposition of many scattering
atoms leads to the refractive index. For many materials like glasses, polymers or liquids scattering
is the dominant interaction with visible light. In materials, scattering is visible whenever there is a
mismatch in the refractive index, for example at interfaces between different materials.
Metallic nanostructures interact much stronger with visible light, which is rooted in their atomic struc-
ture. In a first approximation, metals are treated as a free electron gas that moves freely against the
positively charged metal ion core. This simple model explains many phenomena observed for metal
nanoparticles interacting with light. For metal nanostructures, absorption and scattering processes are
significant at the same time. Absorption and scattering are quantified by the respective cross sections
for absorption σabs and scattering σsca. The absorption cross section σabs is of particular interest as it
determines the strength of the photothermal effect. Using the Rayleigh approximation, the interaction
cross sections are derived for a spherical nanoparticle interacting with a plane wave where the particle
radius is smaller than the wavelength. This section closes with considerations regarding more general
incident electromagnetic fields and particle shapes.
2.1.1 Dielectric Function of Metals
The simplest treatment of metals is the free electron gas also called Drude model.55 The electrons
are assumed to move freely against the positively charged core metal ions that are fixed in space and
form the backbone of the metal. An individual electron with the mass me and charge e is accelerated








where r is the position vector of the electron and E0 the electric field amplitude. The motion of the
electron is damped depending on the collision rate Γ. The solution to eq. 2.1 gives the driving of a
single free electron. Assuming that all electrons are driven independently by the external field, the
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where N is the free electron density. On the other hand, the polarization is connected to the dielectric




the dielectric function of the free electron gas from eq. 2.2 is derived as
ε(ω) = 1−
ω2p







If the damping constant Γ is small with respect to plasma ωp and driving frequency ω, the dielectric
function is well approximated by






For the remainder of the section, the focus is on the dielectric function of gold as the used nanopar-
ticles consist of this material. In the long wavelength limit of the electromagnetic radiation the free
electron gas eq. 2.3 approximates the dielectric function of gold very well. Starting at 750nm the
agreement between experimental data and equation 2.3 deteriorates (see fig. 2.1). In the optical
wavelength regime, interband transitions from the d-electrons to the conduction band contribute sig-
nificantly to the dielectric function. These contributions can be included by solving the Hamiltonian
for interactions between bound electrons and photons.56 Alternatively, the addition of a Lorentz
oscillator to the dielectric function can phenomenologically capture the contribution of the bound
electrons,57








where ∆ε is a weighting factor, ΩL the oscillator strength and ΓL the spectral width. The dielectric
function at infinite frequency ε∞ differs from 1 as the backbone has an electric susceptibility as well.
The Drude–Lorentz model approximates the dielectric function of gold up to 500nm fairly well. In
the wavelength regime between 300nm and 500nm a single Lorentz oscillator describes the dielectric
function of gold insufficiently (see fig. 2.1).
To calculate the interaction cross sections between light and the metallic nanoparticle, a model for
the dielectric function as described above or an experimentally determined dielectric function can be
used. To model and understand experiments in plasmonics the accurate knowledge of the dielectric
function is of high significance. The most frequently used dielectric function is the one measured
by Johnson and Christy (see fig. 2.1).59 Their data are obtained from transmission and reflection
measurements at the normal and p-polarized incidence at 60◦ of thin gold films. Over the years
large variations of the dielectric function of gold have been observed. The deviations have been
attributed to the sample preparation which may result in differences of the surface roughness. This
standard interpretation was recently challenged by Olmon et alia.58 They investigated the dielectric
function of gold samples significantly exceeding the skin depth using ellipsometry (see fig. 2.1).
The gold films were a single crystalline gold crystal, an evaporated and a template-stripped gold
film which has a reduced surface roughness. The latter dielectric function is shown in fig. 2.1. The
result of the ellipsometry measurement is that the dielectric functions of different samples deviate
less than the dielectric functions reported in the literature. Possible reasons for deviations between




























Figure 2.1: (left) Real part of the dielectric function and (right) imaginary part of the dielectric function. Drude
model (gray), Drude–Lorentz model (black); parameters taken from ref. 57. Experimental dielectric function
of a template-stripped gold film from Olmon et al.58 (blue), from Johnson and Christy59 (red).
separate publications are systematic errors caused by the instrumentation, coarse assumption for the
data analysis, and are not rooted in the sample preparation.58
If at least one dimension of the gold structure becomes smaller than the mean free path of the free
electrons the dielectric function becomes size-dependent.33, 60–62 The mean free path of the electrons
in gold is about 25nm. In bulk gold the electrons are subject to the damping at the rate Γbulk =
1.1·10−14 Hz. If the mean free path of the electron becomes smaller than the dimension of the
nanostructure, the electrons are scattered at the interface to the environment. For a spherical particle






where vF is the Fermi velocity and C the efficiency of the surface scattering. The increase of the
damping rate reduces the coherence time of the electron oscillations. Size effects become significant
for nanoparticles with radii of less than 5nm broadening and reducing the plasmon resonance.36, 60, 63
2.1.2 The Rayleigh Approximation





Herein, ε is the dielectric function of the sphere’s material, εm the dielectric constant of the sur-
rounding medium and ε0 the dielectric permittivity of the vacuum. The polarizability of the sphere is
proportional to its volume. In metals, the positively charged core ions are fixed in space whereas the
conduction band electrons move freely and follow the external field. Therefore, metals shield their
internal volume from the external field. In the static regime ω = 0 the internal field becomes Ei = 0
implying a dielectric constant of ε = −∞ giving the static polarizability a = 4πε0R3 of a metallic
sphere.
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If the electromagnetic field is approximately constant over the extent of the sphere, eq. 2.7 is also
applicable if the electric field changes over time, also called quasi-static or Rayleigh approximation.
The dielectric function ε(ω) = ε1(ω)+ iε2(ω) becomes frequency-dependent as the electrons do not
follow changes of the electric field instantly. From eq. 2.7 it becomes evident that the polarizabil-
ity becomes maximal if ε1(ω) = −2εm which can be fulfilled for metals. The so-called plasmon
resonance is observed if ε2(ω) is small and the denominator is minimized.
In the following the interaction cross sections between a plane wave with the wavelength λ and a
spherical particle much smaller than λ are derived. This case is equivalent to a dipole.64 The dipole
moment p = aεmEinc is located at z = 0 and irradiated by a plane wave Einc = Eince
i(kz−ωt)ex. Einc is
the electric field amplitude, k = nω/λ the wavenumber, ω the angular frequency of the plane wave, n





























between current density J and the time derivative of the dipole moment, the volume integral is eval-
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The scattering cross section is calculated from the integrated Poynting vector of the reradiated field
through a closed surface. The plane wave excites the dipole. The dipole reradiates the excitation
energy. This process is called scattering. The details can be found in many textbooks like Bohren and












The difference between extinction cross section and scattering cross section yields the absorption
cross section
σabs = σext −σsca. (2.13)
For Rayleigh particles consisting of gold, absorption and extinction cross sections are approximately
equal. The extinction cross section scales with the volume of the particle and the scattering one with
a) Private communication with Markus Selmke
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the volume squared. With reducing particle radius nanoparticles become very hard to detect by their
scattering. Therefore, techniques that detect absorption seem to be superior for the detection of very
small nanoparticles. However, many particles of interest like most biological materials do not absorb
in the visible regime.
Interference scattering (iScat) has been shown to overcome the unfavorable size-dependence of the
scattering. It has proven to image single biological macromolecules without any label. It does not
image the scattering only like dark-field microscopy, but the interference between the scattered light
and a reference field. A laser beam illuminates a sample consisting of particles located at an interface
through an objective. A part of the incident light is reflected at the interface. The particle scatters
another fraction. The illumination objective collects both parts and images them onto a photodetector.
The detected signal is the interference between reflected field Er and scattered field Es,
67, 68
Idet = |Er +Es|= E2inc(r2 + |s|2 −2r|s|sinφ). (2.14)
The interference signal depends on the reflectivity of the interface r, the scattering amplitude of
the nano-object s and the interference term with the phase delay φ. The scattering amplitude is
proportional to the particle’s volume. The interference term scales with the particle’s volume. For






Using this detection scheme, 45nm sized bio-particles69 have been detected at high frame rates and
the detection of single proteins has been demonstrated.70 The relative iScat signal can be significantly
enhanced if the amplitude of the reflected light is reduced. This is achieved by a spatial transmission
mask which transmits nearly all scattered light and only a small amount of the reflected light.68, 71
2.1.3 Beyond the Rayleigh Approximation
The Rayleigh approximation is limited to spherical objects that are small compared to the wavelength.
Mie theory gives the exact solution to Maxwell’s equations where a spherical particle of arbitrary size
is illuminated by a plane wave.72 In the limit of small particles R ≫ λ Mie theory approaches the
results obtained from Rayleigh scattering.64 Once the dimension of the particles becomes a sizable
fraction of the wavelength, the inner part of the sphere will be screened from the incident radiation
and different regions will experience electromagnetic fields with different phases, i.e. the quasistatic
approximation breaks down.73 In the dipole mode opposite charges are approximately separated by
one particle diameter and the maximal phase delay of the electromagnetic field in the particle is
4πRnλ. If one oscillation of the electromagnetic field takes place in the particle, higher order modes
appear and contribute significantly to the interaction between particle and incident radiation.73 The
retardation of the field inside the particle will red-shift the absorption resonance. For the theoretical
treatment of Mie theory and the interaction cross sections see for example Bohren and Huffman.64
Over the years, the original framework by Mie has been extended to account for more complex light
fields or objects with spherical symmetric geometry and other symmetries.74 These generalizations
are called generalized Lorenz–Mie theories (GLMT). They enable various quantitative descriptions
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of trapping forces and radiation pressure exerted on particles as well as scattering images of nanopar-
ticles.75 The generalizations of the Lorenz–Mie theory are still limited to highly symmetric objects.
For less symmetric particles, numerical algorithms are typically employed such as discrete dipole
approximation (DDA) or finite difference time domain (FDTD).
2.1.4 Time Scales
The incident electromagnetic radiation polarizes the electrons in the conduction band and excites the
bound electrons from the valence band into the conduction band. A hot electron gas is created. Within
a time scale of 10fs, the excited electrons are scattered by other electrons.76 The excited electronic
state has a considerably different equilibrium configuration of the lattice. The difference of the equi-
librium configuration between cold and hot electrons exerts a pressure from the nanoparticle onto the
surrounding medium, named Fermi pressure.77 The electron gas is thermalized after about 100fs.
Due to the low heat capacity of the electron gas, its temperature can reach thousands of Kelvins.77
Within a few picoseconds, the hot electron gas relaxes via electron–phonon scattering transferring
the excitation energy to the lattice. The increase of the lattice temperature is typically in the order of
a few Kelvin.72 The rise of the lattice temperature results in an expansion of the nanoparticle which
excites acoustic vibrations as well. The excitation of acoustic vibrations is typically investigated
using femtosecond pulsed laser sources. For a spherical nanoparticle, the radial breathing mode is
typically observed in the order of 10ps. For other shaped particles, higher order acoustic modes can
be excited as well.78 The investigation of acoustic modes for single nanoparticles has unveiled a sig-
nificant variation of the observed damping times which is caused by differences in the particles’ inner
structure.78 For 80nm-sized spherical gold nanoparticles, the period of the radial breathing mode is
25ps and has a damping constant of 0.2ns. The longest time scale is the heat transfer through the
nanoparticle interface and the thermal transport outside the nanoparticle which is discussed in the
following section.
2.2 Thermal Transport
This section will give a theoretical background on thermal transport. It includes discussions on the
carriers of heat and the differential equations that describe the transport of thermal energy. In the
second part of the section, it discusses the situations of importance in the thesis: A spherical heat
source embedded in a homogeneous material. Finally, measurement techniques are discussed that
quantify thermal transport.
2.2.1 Heat Conduction versus Heat Convection
Heat convection is the transport of heat due to the movement of atoms, molecules or particles, whereas
heat conduction is the thermal transport inside a medium without mass transport typically due to
phonons or conduction-band electrons. In this thesis metal nanoparticles are optically heated creat-
ing a local temperature elevation. In combination with thermal expansion the density of the liquid
surrounding the heat source is lowered causing the hot liquid to ascend due to buoyancy. For gold
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nanoparticles as used in this thesis the resulting convection by the heated liquid is negligible. Due to
the high localization of the temperature field, the buoyancy is damped on very short length scales. In
liquids, the movement of nanometer sized objects is dominated by viscous forces in general. Quan-










Herein, v̄ is the fluid velocity due to thermal buoyancy, l̄ = 60nm the characteristic length scale of the
heat source, β the thermal expansion coefficient, g = 9.81ms−1 the gravitational acceleration, ∆T0 =
60K the temperature increase at the particle surface, α = 1.4·10−7 m2 s−1 the thermal diffusivity, ν =
0.9·10−7 m2 s−1 the kinematic viscosity. Using these values for a 60nm-sized gold nanoparticle gives
Ra = 10−10. This means that the thermal transport in this situation is dominated by heat conduction
which is in general the case for Ra < 1.
2.2.2 Fourier’s Law
If a hot body is brought in contact with a colder reservoir heat will be transported from the hot to the
cold. Over time, the temperature gradients are diminished until the body is in equilibrium with the
reservoir. This process is described by Fourier’s empirical law
q =−κ∇T. (2.17)
Fourier’s law states that a temperature gradient ∇T causes a heat flux q that is proportional to the
thermal conductivity κ of the medium. The proportionality between flux and gradient implies that
heat conduction is a random process where the carriers of heat are scattered multiple times. In the
ballistic regime the flux depends on the temperature difference.79 Fourier’s law has been derived from
first principles only for an ideal gas moving between fixed scatterers and more recently for a system
of coupled anharmonic oscillators.80
Fourier’s law has the same shape like Fick’s first law which describes the particle in a concentration
gradient. In Fick’s law the heat flux becomes the diffusion flux, the thermal conductivity becomes the
diffusion constant and the temperature the concentration. Indeed, Fourier’s law is the consequence
of carriers of heat that diffuse freely in a medium. Fourier’s law is widely validated in various kinds
of systems, but it is limited to cases where the mean free path of the heat carriers is smaller than the
dimensions of the system.
The breakdown of Fourier’s law has been shown in various systems where the measured length scale
is smaller than the phonon mean free path.4 Nondiffusive thermal transport manifests in the propor-
tionality of the thermal conductivity to the distance over which the heat is transported. The break-
down of Fourier law was for example observed in multiwalled carbon and boron nitride nanotubes,81
graphene,82 in silicon membranes,83 in silicon germanium nanowires84 and in crystals of several
materials.4
Plugging the continuity equation cpρ
dT
dt




T = κ∇2T +S(r, t) (2.18)
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Name Gold (NP)86 Water86 (m) PDMS87 Unit
density ρ 19.32 1.00 0.97 ×103 kgm−3
specific heat capacity c 129 4.187 1.35 – 1.51 Jkg−1 K−1
thermal conductivity κ 317 0.60 0.15 – 0.17 Wm−1K−1
thermal diffusivity α 127 0.143 0.102 – 0.132 ×10−6 m2 s−1
Table 2.1: Material parameters for gold, water, and PDMS.
with a source term S(r, t), the heat capacity at constant pressure cp and the density ρ. The heat
equation is a linear partial differential equation which has the same form as the diffusion equation.
The heat equation describes the evolution of an initial temperature distribution and the temperature
profile which is established for a heat source. In the following, the calculated temperature profiles are
always on top of a constant ambient temperature. In the most general forms of eq. 2.18 the material
parameters density ρ and heat capacity at constant pressure cp can depend on temperature, thermal
conductivity κ, and the thermal diffusivity α = κρcp can depend on temperature and direction.
2.2.3 Thermal Transport Around a Spherical Heat Source
Under resonant illumination, the nanoparticle absorbs electromagnetic energy. The excitation energy
is dissipated as heat into the environment. Therefore, the nanoparticle acts as a remotely controlled
nanosource of heat. The aim of this section is to quantify the temperature fields encountered if a
spherical heat source is embedded into a homogeneous, isotropic material by solving the heat equa-
tion 2.18.
The following discussions follow loosely the publications by Baffou and Rigneault85 as well as Berto
and Baffou.86 The material parameters are assumed to be constant and isotropic. Two different
material domains are considered, one being the gold nanoparticle with (ρNP, cNP, κNP, αNP) and the
other one the surrounding material (ρm, cm, κm, αm), which is typically water or a polymer. The gold
particle is a sphere with the radius R. The interface has a finite interfacial thermal conductance G.




T (r, t) = κNP∇




T (r, t) = κm∇
2T (r, t), r > R (2.20)




T (R−, t) = κm
∂
∂r
T (R+, t) =−GR [(T (R−, t)−T (R+, t)]. (2.21)
Equation 2.19 quantifies the thermal transport inside the nanoparticle and includes the source term
S(r, t) caused by absorption. Equation 2.20 considers the thermal transport in the surrounding mate-
rial. The boundary condition 2.21 guarantees the conservation of the heat flux through the interface
and contains a finite interfacial thermal conductance G leading to a discontinuity in the temperature
profile. Material parameters for some material of interest are given in table 2.1.
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Steady State In the steady state the time derivatives in eq. 2.19 and 2.20 become zero which sim-





















, r > R. (2.23)
Pabs is the absorbed power caused by the optical heating. Considering the thermal conductivities
of κm = 1
W
mK
and κNP = 317
W
mK
(gold), the fraction κm
2κNP
is negligible. Therefore, the temperature
within the gold nanoparticle is assumed to be constant. Also one might question whether Fourier’s
law still applies in a gold nanoparticle as the electron mean free path and the phonon mean free path
in gold88 are in the order of the nanoparticle’s size. The temperature of the nanoparticle is offset due
to the interfacial thermal conductance which takes for water gold interfaces 50 to 150MWm−2 K−1
depending on the hydrophobicity of the particle’s surface functionalization.89 Therefore, κm
GR
can take
values between 0 and 2, which means that the temperature elevation of the nanoparticle can be three
times higher than the one of the environment.
The outside temperature profile eq. 2.23 has only a one over r-dependence which is also observed for
a point source. The temperature profile is independent of nanoparticle size and thermal interfacial
conductance. The magnitude of the temperature elevation only depends on Pabs/κm which is also
observed for a point source.
If the temperature of the gold nanoparticle TNP is assumed constant, the differential equation system




T (r, t) = κm∇
2T (r, t), r > R (2.24)












S(t) =−GR2[TNP(t)−T (R, t)]. (2.25)
The boundary condition eq. 2.25 assures that the thermal energy of the nanoparticle is changed by
the optical heating and dissipated through the interface.
Harmonically Modulated Heating Assuming a harmonically modulated heat source e−i2π f t at the
frequency f , the complex solution to the system of differential equations 2.24 and 2.25 gives the
temperature elevations inside,86











and outside the particle




Tω(r > R, t) =
eikth(r−R)−i2π f t
1− ikthR− i2π f τm[1+λK(1− ikωR)]
. (2.28)





























Figure 2.2: (left) Phase delay ψ and (right) normalized modulation amplitude ∆T ( f ;G;R)/∆T ( f = 0;G =
∞;R) of the temperature modulation. The solid lines are the temperature modulation amplitudes of the sur-
rounding medium and the dashed ones of the particle. The black lines show ψ and ∆T ( f )/∆T (0) without
any approximations for a spherical gold particle in PDMS with R = 5nm. The following material parameters
were assumed: G = 150MWK−1 m−2,89 αm = 1.3·10−7 m2 s−1, κm = 0.15Wm−1 K−1. The solid red line
corresponds to the approximation τm = 0 (see eq. 2.31). The dashed red line assumes G =−∞. In this case the
temperatures inside and outside the particle are identical at r = 5nm.
Herein, kth = (1+ i)/Rth is the wavevector of the thermal wave, Rth =
√
α




gives the time scale at which the thermal energy of the nanoparticle is dissipated
into the surrounding medium. λk =
κm
RG
is the normalized Kapitza length. The limit τm → 0 neglects

























Rth cos(2π f t −ψ(r))
)
. (2.31)
N and ψ(r) are corrections to the modulation amplitude and the phase delay, respectively. The tem-
perature inside the particle is T (r < R, t) = T (R, t). In the limit of R → 0, the classical thermal wave
is obtained,90












The functional dependence of the so-called thermal wave looks very similar to spherical waves en-
countered in optics. However, the physics of both system is very different. The thermal wave is
critically damped over one thermal diffusion length. Spatial oscillations in the amplitude are not ob-
served. Therefore, the term thermal wave is rarely used. The temperature profile in eq. 2.32 consists
of a stationary part that transports the energy and a time-dependent oscillation that, in contrast to
other wave phenomena, does not contribute to the energy transfer.91
a) Derived by Markus Selmke
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radius 5 30 nm
τNP 0.2 7 ps
τi 41 250 ps
τm 33 1200 ps
Table 2.2: Time scales relevant for the thermal transport of gold nanoparticles embedded into water. Assuming
an interfacial thermal conductivity of 100MWm−2 K−1. The characteristic times are defined in eq. 2.33 – 2.35.
Figure 2.2 shows phase delay and amplitude of the temperature modulation for a gold nanoparticle
embedded into PDMS. The interfacial thermal resistance doubles the modulation amplitude of the
particle’s temperature. At thermal diffusion lengths larger than 100nm the influence of τm and G
on the phase delay is minor. At Rth = 200nm the assumption of τm = 0 changes the phase only by
10−3 rad.
Time Scales of the Thermal Transport In section 2.1.4 absorption and the relaxation of the elec-
tronic excitations were discussed. Here, the focus is on the time scales caused by the thermal trans-
port. From eq. 2.19 to 2.21 three different time scales can be identified. The first time scale is















The time scale for the thermal transport inside the nanoparticle is three orders of magnitude faster than
the thermal transport through the interface and thermal transport inside the surrounding medium. The
time scale that is relevant for the thermal transport inside the particle is in the order of picoseconds.
The time scale relevant for the thermal transport are in the range of picoseconds to nanoseconds.
The time scale for the thermal transport is much larger than the period of the radial breathing mode
of spherical nanoparticles which is about 25ps for a gold nanoparticle with 80nm in diameter. For
sample numbers see table 2.2.
2.2.4 Anisotropic Heat Conduction
The thermal conductivity κ in eq. 2.18 becomes a second rank tensor in case the latter depends on
direction. If a point source is embedded into an anisotropic medium, the heat conduction equation is
analytically solvable in the steady state. One approach is based on integral transforms that convert
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the differential equation into an integral expression which is then solved. If the thermal conductivity
is diagonal, the temperature profile is given by92
















Herein, κii are the thermal conductivities along the principal axes. For the general case of symmetric
thermal conductivity tensors a solution exists as well.92 Here, a uniaxial crystal is of interest where
only one axis has a deviating thermal conductivity, i.e. κ11 = κ22 = κ⊥ and κ33 = κ∥. Then the








(x2 + y2)+ z2
. (2.37)
Notably an anisotropy of
κ∥
κ⊥
= 2 in the thermal conductivity results in an anisotropy of T (r=(0,0,1))
T (r=(1,0,0)) =√
2 in the temperature profile, which is the fraction of temperature along x and z at the same distance.
2.2.5 Thermal Transport Including Phase Transitions
Phase transitions occur for example in the context of solidification and melting. During these pro-
cesses the latent heat capacity Hf is either released or taken up. Here, one is interested in the time
evolution of the phase boundary between liquid and solid phase. For the stated problem only a very
limited set of solutions to semi-infinite problems do exist.93 Most geometries like a point source or a
spherical heat source have to be addressed numerically.
Several approaches exist that solve the problem numerically. A simple method that can easily be
implemented into existing finite element models is the apparent heat capacity method.93 The method
assumes that the phase transition occurs in a temperature interval TC ±∆ around the phase transition








cs T < TC −∆ solid phase
csl TC −∆ <= T <= TC +∆ solid/liquid phase
cl TC +∆ < T liquid phase.
(2.38)









in the temperature interval where both phases coexist. Conceptually the method is very simple and
can be used in existing numerical simulations. Problems arise if the temperature changes strongly
during one calculation step. Then the transformation of latent heat during the phase transition is not
captured. To circumvent this problem the temperature change during a time step has to be smaller
than ∆. For that reason, the apparent heat capacity method is computationally very demanding. Also,
the introduction of the artificial phase coexistence might alter the results of the calculation. Other
numerical schemes can overcome the limitations of the simple approach.93
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2.2.6 Measurement Schemes
The general principle behind all measurements of thermal transport is to induce a thermal perturba-
tion and observe its evolution. The measurement can be performed in the steady state where the rate
of heat transport is measured. The dynamic measurement schemes either induce a delta-like temper-
ature elevation in a local region that is dissipated or a time-harmonic temperature variation. In the
following, some frequently used measurement schemes are presented shortly.
Steady State Measurement Schemes Scanning thermal microscopy is a probe scanning technique
which is typically implemented in an atomic force microscope.10, 11 The atomic force microscope
is operated in contact mode where the force between sample and tip is kept constant. The tip is
the temperature sensor and heating element at the same time. While moving the tip, the thermal
power deposited into the sample is measured. From the measurement, an image is obtained that maps
thermal conductivities to locations in the sample.
An approach frequently applied for the study of nano- and microwires is the heat transfer measure-
ment between a heat source and a heat sink.94 The experiment is set up similar to electrical transport
measurements. Two platinum resistors are produced. They are thermally connected by the sample.
Applying an electrical current to one resistor a temperature gradient along the wire is created. The
measurement of the Ohmic resistance of the platinum structures gives the temperature. In combina-
tion with the applied heating power the thermal conductivity of the sample is calculated.12, 84
Dynamic Measurement Schemes in the Frequency Domain The 3ω or hot wire method can be
applied to study thermal transport of electrically isolating materials. It uses, for example, a metal
strip that is evaporated onto a substrate. A harmonically modulated voltage at the angular frequency
ω is applied to a metal wire which creates a time-harmonic temperature modulation at 2ω. Due to the
temperature variation the electric resistance of the metal strip will oscillate at 3ω, which is used as
the temperature sensor, and the thermal conductivity is derived with the help of a numerical model.95
Using macroscopic photothermal lensing or deflection, thermal conductivities and diffusivities can be
detected. The absorber is, in this case, a volume absorber whose size is given by the beam diameter.96
The working principle is analog to single particle photothermal microscopy which is described in
detail in section 2.4.
Dynamic Measurement Schemes in the Time Domain The flash method5 is one of the classic
methods to study the thermal transport of macroscopic samples. Samples consist of even, parallel
interfaces and are coated with a light-absorbing material. One interface is the heat plate which is
excited by the laser flash. An infrared temperature sensor monitors the temperature of the second
interface.
The working principle behind transient reflection is similar to the flash method.6 Here, a metallic
film is evaporated onto the sample. A pulsed laser beam irradiates the metal film, and a part of the
incident radiation is absorbed and transformed into thermal energy heating the metal film. This heat
is transferred to the sample. A second time-delayed laser pulse monitors the rate of thermal transport.
The temperature measurement is based on the assumed proportionality between temperature change
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and reflectivity change. Modeling the transient response of the reflection allows for the extraction of
thermal conductivity and heat capacity.
Conceptually transient absorption is an adaptation of transient reflection for studies of nano-objects.
Two time-delayed laser pulses are irradiated onto nano-objects. A pump pulse excites partiles which
then relax. In the case of single metallic nanoparticles, the relaxation is predominantly via nonra-
diative processes. Therefore, the sample is heated. The refractive index changes of nanoparticle and
environment are assumed to be proportional to the temperature elevation. This assumption allows the
calculation of the thermal conductivity and heat capacity.7, 8 Besides the investigation of the thermal
transport, transient absorption allows for studies of the acoustic properties of the nanoparticle. The
acoustic vibrations disturb the thermal transport measurement due to oscillations in the transmission
signal. These acoustic oscillations do not contribute significantly to the energy dissipation. The os-
cillations are typically in the order of 10GHz, whereas the phonons with the largest contribution to
heat conduction are typically in the order of 1THz.97 The investigations of the acoustic modes can
give many details on the internal structure of the nanoparticles.78
2.3 Liquid Crystals
The name liquid crystal comprises two contradicting terms. In a crystal, molecules or atoms have
long-range positional order. In a liquid on the other hand molecules or atoms can move freely. Only
short range particle–particle repulsions restrict the free movement of the particles. The liquid crys-
talline phase is an intermediate phase between the crystalline and the liquid state of matter occurring
for specific types of materials. In particular, liquid crystals are typically formed from elongated
molecules which can have an orientational order as well. For these kinds of molecules, the order does
not vanish completely during the melting. During the melting process, the elongated molecules loose
one or more degrees of positional order, and the orientational one remains. Therefore, the name liquid
crystal was chosen. There are two different groups of liquid crystals which are discriminated in the
way the phase transition is induced. In the case of thermotropic liquid crystals, phase transitions are
induced by temperature changes. For lyotropic liquid crystals changes of the concentration alter the
material’s phase. Depending on the shape and properties of the molecules different shapes of liquid
crystalline phases are observed.98
In this thesis, optically heated gold nanoparticles are used as actuators that control the size of the
isotropic liquid crystal shell around the particle. Therefore, a thermotropic liquid is chosen that
has its nematic–isotropic phase transition close above room temperature. 4-Cyano-4’-pentylbiphenyl
(5CB) is employed which melts at 296K and crosses from the nematic to the isotropic phase at
TC = 307.5K.
99 During the melting process 5CB looses all its positional order and the orientational
order is unchanged. The orientational order is lost in the nematic to isotropic phase transition. The
liquid crystal becomes isotropic (see fig. 2.3).
5CB is uniaxial. One principal axis has different properties than the other ones. The unique axis is
called extraordinary axis and is parallel to the director which is the average orientation of the long
molecule axis. In the following, the properties parallel to the director are labeled with ∥ and ⊥ for
the other ones. In bulk, the orientation of the director is random and changes over the extent of the
















-12 -8 -4 0 4
T-TC [K]
 (a)  (b)
C
  
 N  (c)
Figure 2.3: (a) Refractive index of 5CB. Top branch refractive index n∥ of the extraordinary axis and bottom
one n⊥ of the ordinary axis.101 (b) Thermal conductivity of 5CB. Top branch thermal conductivity κ∥ parallel
to the director and bottom one κ⊥ perpendicular to the director.102 (c) Chemical structure of 5CB. TC=307.5 K.
sample. By inducing small forces from surfaces or electric fields, the liquid crystal molecules are
aligned. Here, the orientational order is induced by rubbed polymer films.100
The liquid crystal’s directional order leads directly to anisotropic material properties like viscosity,
refractive index, and thermal conductivity. The molecules fluctuate around the director. These fluc-
tuations increase with temperature and lower the anisotropic material properties. At the nematic to
isotropic phase transition, the orientational order is lost. All material properties of 5CB become
isotropic. The order parameter quantifies the fluctuation of the molecules around the director. For







which is identical to the average of the second Legendre polynomial P2(cosβ). The order parameter
is 1 if all molecules face into the same direction and 0 for a random distribution. The order param-
eter reduces as the phase transition is approached, and the anisotropies of thermal conductivity and
refractive index decrease as well (see fig. 2.3).
Optical Properties of 5CB For liquid crystals, the dipole moment of the molecules is assumed to
be maximal parallel to the axis of cylinder symmetry. The orientational ordering of the molecules
also leads to an ordering of the molecular polarizabilities. Then a linearly polarized beam of light
experiences different refractive indexes depending if the light is polarized parallel to the director n∥
or perpendicular to it n⊥. In 5CB, the director is parallel to the optical axis. The optical anisotropy of
a uniaxial crystal is called birefringence n∥−n⊥.101, 103
Thermal Properties of 5CB The molecules are assumed to be rods to model the anisotropic ther-
mal conductivities of liquid crystals. The model is based on two assumptions: The free volumes par-
allel and perpendicular to the director are different, and the heat transfer from molecule to molecule
has a finite rate. From this model, it follows that the thermal conductivity along the director is larger
than perpendicular to it. The strength of the anisotropy κ∥ − κ⊥ depends mostly on the length of
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the rigid core and to a lesser extent on aliphatic side chains. Finally, the thermal conductivity is
independent on long range order effects.102
The second parameter determining the thermal transport is the heat capacity. The heat capacity of
bulk 5CB is 1.8kJkg−1 K−1 and increases as the phase transition is approached.104 The heat capacity
in the isotropic phase is 0.1kJkg−1 K−1 lower than in the nematic phase. The specific heat is found to
increase as the nematic to isotropic phase transition is approached. Confinement of 5CB to less than
200nm in at least one dimension alters the heat capacity as well. The specific latent heat transformed
during the nematic to isotropic phase transition is 1.6kJkg−1.104
2.4 Photothermal Single Particle Microscopy
Three successive processes lead to the photothermal contrast. Firstly, a particle absorbs electromag-
netic energy from incident light. The absorber is excited. Secondly, the excitation energy is dissipated
via nonradiative processes into the environment creating a localized temperature elevation. Finally,
the local temperature increase alters the refractive index of the environment surrounding the absorber.
Here, various effects are possible depending on the properties of the materials used and the employed
laser intensities. A universal process at moderate laser intensities is thermal expansion.105 The pho-
tothermal contrast is the basis for a variety of highly sensitive measurement techniques.106
The local thermal expansion has two effects, it creates local stresses and changes the refractive index.
The local stresses lead to acoustic waves. However, the latter are significant only if the time it takes an
acoustic wave to pass the heated volume is larger than the duration of the optical heating. In the other
case, the stresses are relaxed before they are built up.105 It takes an acoustic wave about 18ps to pass
a 60nm-sized gold nanoparticle, which also defines the frequency of the radial breathing mode of
the nanoparticle being the dominant acoustic mode.78 Therefore, femtosecond-pulsed laser sources
are required to excite acoustic vibrations of nanoparticles. However, gold nanoparticles are also used
as labels for photoacoustic imaging where typically nanosecond-pulsed laser sources are employed.
Here, gold nanoparticles in an extended volume are heated and then act as a volume heat source.107
Once the stresses are released the thermal energy is transported into the environment establishing a
localized temperature profile. In combination with thermal expansion, the refractive index is lowered
locally. A refractive index profile is created depending on the geometry of the heat source. The re-
fractive index profile acts as a diverging lens. The change of the index of refraction is usually detected
with a second off-resonant laser beam whose propagation is altered.106 As the refractive index change
is only in the order of 10−4 K−1 photothermal microscopy is implemented as a modulated detection
scheme where the heating laser is modulated at a frequency f and a second off-resonant detection
laser probes any variation at f . Using a lock-in amplifier, modulation amplitude of the probe laser
and the phase between heating and detection modulation are measured at high signal to noise ratios
despite weak modulation amplitudes. The repeated measurement of changes of the thermal state
makes photothermal microscopy an extremely sensitive measurement technique. The photothermal
signal itself is shot-noise limited.108
In 1965 Gordon et al. observed that the transmission of an intense laser beam was altered upon passing
through a long tube filled with liquids.109 This experiment was the first observation of the photother-
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mal effect. In the following decades, photothermal spectroscopy was significantly improved and has
become a standard measurement technique for determining molecule concentrations or thermal trans-
port.106 Photothermal spectroscopy is typically based on volume absorption meaning that either the
entire liquid absorbs light or multiple absorbers are present in the focus of the pump laser. In 2002
Boyer et al. imaged single gold nanoparticles with photothermal differential interference contrast.43
Subsequently, single particle photothermal microscopy was advanced and has proven single molecule
sensitivity.31 In the same year single molecules were detected using ground state depletion110 and a
microscopic variant of the standard Beer–Lambert experiment.111 In the following, the focus is on
single particle photothermal microscopy: experimental implementations, a ray optics model for the
photothermal lensing variant and applications.
2.4.1 Photothermal Detection of Single Nano-Objects
The working principle of all photothermal detection schemes is very similar. They only differ in the
way the localized refractive index profiles are detected. All approaches feature a modulated resonant
heating laser beam that creates a local variation of the refractive index around the absorber. Thereby,
the signal of the detection laser is modulated. The modulation amplitude of the detection signal
is referred to as the photothermal signal. This principle makes photothermal microscopy a highly
sensitive and selective detection scheme for absorbers.
Point Detection Upon optical heating of a nano-object, a localized temperature profile is created
that results in a refractive index profile due to thermal expansion also called a thermal lens. This
refractive index profile alters the propagation of a second off-resonant laser beam. Depending on
the position of the detection laser focus and the position of the excited absorber the detection laser
beam is either expanded or collimated.26, 28 The change in divergence is detected by measuring
the transmission through an aperture. Due to the modulated optical heating, the detection signal is
modulated as well. A lock-in amplifier detects phase and amplitude of the detection signal at the
modulation frequency of the optical heating. This detection scheme was developed by Berciaud et
al.53 and was advanced to enable the detection of single molecules.31 If the detection laser beam
passes the thermal lens while it is offset from the optical axis, the laser beam is deflected probing the
gradient of the refractive index. This action is detected by a split detector.29, 30
The initial photothermal detection of single nano-objects utilized an interferometric detection scheme
which detects the heating induced change of the optical path. Using a Wollaston prism, the detection
laser beam is split into two perpendicularly polarized beams of light that exit at different angles.
The modulated heating laser beam is co-aligned with one of the beams and a 4-f system images
parallel beams of light with different angles into the back aperture of the objective. In the object
plane, the detection laser beams have a distance of about 1.2µm.43 A difference in the phase between
both laser beams changes the incident linear polarization which is detected by an analyzer and a
photodiode. Recently, the detection scheme was altered to detect flow speeds of nanoparticles where
both detection beams are co-aligned with a heating laser beam.112
Widefield Detection Another variant of the interferometric detection works in the widefield and is
set up as a Michelson–Morley interferometer. One arm of the interferometer consists of the sample
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which is illuminated by the co-aligned heating laser beam and the detection laser beam. The interfer-
ence is imaged onto a CCD camera.113 The heating beam is again modulated. The signal to noise of
this approach is much lower as the difference between hot and cold particle is probed less frequently,
and the dynamic range of a CCD is much lower compared to a photodiode. Other approaches that
detect the photothermal optical path difference are based on holography114 or wavefront sensing.115
Optical coherence tomography is another technique capable of photothermal widefield detection. It
utilizes a low coherence detection beam of light. The interference is then spectrally resolved. The
electric field scattered by the nanoparticle interferes with a reference field. The nanoparticle is again
heated by a harmonically modulated heating laser.116 This implementation has similar disadvantages
as the latter two described before.
Pache et al. improved the photothermal detection using optical coherence tomography. Their variant
is called optical lock-in detection and enables modulation frequencies which are not limited by the
frame rate of the photodetector.117 The reference field is phase modulated, and interferes with the
light scattered by the object. The detector integrates the interference field over multiple periods.
In this way the static contributions vanish and only the time-varying signal induced by the optical
heating remains.
The resolution remains an issue for widefield photothermal detection. The optical heating creates a
long range 1/r temperature profile and different heat sources can superimpose themselves. Then the
superposition of the temperature profiles is detected. Single nanoparticles might not be detected indi-
vidually despite being resolvable according to the Rayleigh criterion. In the point detection schemes
optical heating and detection are diffraction-limited. The resolution is only limited by the spatial
extent of the laser foci. The resolution of widefield photothermal microscopy might be enhanced by
using deconvolution techniques.115
2.4.2 Modeling the Photothermal Lensing Signal
The physics encountered in single particle photothermal lensing have been studied in great de-
tail.118, 119 There are a many different ways to model the photothermal signal generated by a single
nanosource of heat. The two models employed here are the generalized Lorenz–Mie theory and a ray
optics model based on Fermat’s principle. These models belong to opposite sides of the spectrum
of theories describing the photothermal signal. Other approaches are based on an equivalent dipole
model, Fresnel diffraction or Rutherford scattering.119
Generalized Lorenz–Mie Theory A situation typically encountered in photothermal microscopy is
a single spherical absorber that is embedded into a homogeneous environment. Using Mie theory, it is
possible to calculate the absorption and scattering cross sections for a plane wave that illuminates the
nanoparticle. Mie theory is the exact solution of Maxwell’s equations for the described geometry.64
The situation in photothermal microscopy is more complex. The photothermal signal itself originates
from the refractive index profile around the nanoparticle induced by optical heating. Mie’s theory
has been extended also to capture the case of multilayered spheres.120 In the center is the absorb-
ing spherical particle which is surrounded by fine layers that approximate the spherical symmetric
refractive index profile. This extension is still insufficient as the plane wave is not capable of explain-
ing the dispersive lensing signal observed in photothermal microscopy as in fig. 2.4. In particular,
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Figure 2.4: (left) The normalized photothermal signal from eq. 2.47 with ∆zF = 0 (black), ∆zF =+2zR (blue),
∆zF = −2zR (red); zR/zR,h = 1.22.28 (right) Photothermal Signal with a diffraction model27 (black) and from
the (left) figure with a new normalization. Maximal temperature increase ∆Tmax = 100K, detection wavelength
λd = 635nm, heating wavelength λd = 532nm, zR = 570nm, zR,h = 470nm, NAill = 1.4, NAdet = 0.75, n0 =
1.46, ∂nT = 3.6·10
−4 K−1, and R = 10nm.
a plane wave model neglects the local character of the probing and the Gouy phase.119 The model
has to include a focused illumination. This approach was indeed followed by Selmke et al.26, 118 for
an exact description of the photothermal signal. The approach is found in the literature under the
term generalized Lorenz–Mie theory (GLMT). The original solution by Gustav Mie, where a single
particle is illuminated by a plane wave, is generalized to arbitrarily shaped electromagnetic fields and
the layered spherical refractive index fields.121
A calculation of the photothermal signal using the GLMT computes the transmission of the detection
when the nanoparticle is heated and unheated. The relative difference Φ = (Pcold −Phot)/Pcold gives
then the photothermal signal. The strength of the GLMT approach is that influences on the photother-
mal signal like particle size, pupil-filter in the detection path and aberration are all included. Details
on the derivation and the implementation of the model can be found in thesis by M. Selmke118 and
more general information in the book by Gouesbet and Gréhan.74
Ray Optics Using Fermat’s principle the trajectory r of a light ray is calculated that is subject to the
refractive index field induced by an optically heated object. Fermat’s variation principle allows to cal-
culate the path a ray of light takes between two points in space in the presence of an inhomogeneous















where s is the path coordinate. In the stationary state a spherical heat source with the radius R reduces
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Here, ∆n is the refractive index contrast which depends on the thermal conductivity κ, the absorbed
power Pabs and the refractive index change with temperature ∂Tn. The strength of the deflection,
i.e. the deflection angle, depends on the relative strength of the refractive index perturbation ζ =
−n0/R∆n and the impact parameter b. n0 is the refractive index of the surrounding medium. The





This approximation is valid in the regime of small refractive index perturbations ∆n≪ n0. A Gaussian
beam with the beam waist ω0 and a Rayleigh range zR = πω
2
0/λ will experience an effective focal
length depending on the distance between focus and particle position on the optical axis zp. λ is the










zp is the difference between the positions of the detection laser focus and the particle on the optical













The relative photothermal signal is the transmission change of the detection laser upon heating, Φ =
(Pth −P0)/P0. Here, the transmitted power with and without the optical heating are related to the
corresponding intensities on the optical axis. Then the relative photothermal signal is expressed via
Φ= (Ith−I0)/I0. Using ABCD matrix optics the beam waist of the Gaussian probe beam is calculated
with and without the optical heating. The change of the beam waist readily gives the intensity of the
probe beam as the intensity of a Gaussian beam is inverse proportional to the squared beam waist,





The effective focal length of the Gaussian probe beam is plugged into eq. 2.46. The intensity of the
heating laser is assumed to be Gaussian as well having the Rayleigh range zR,h. Then an analytical
























Here, ∆zf is distance between both laser foci. Changing the distance between the laser foci along
the optical axis affects the shape of the photothermal signal. The photothermal signal can be only
positive for ∆zF < 3z, only negative for ∆zF > 3z and has a double loped-structure for ∆zF ∼ 0 (see
fig. 2.4 (left)). Despite the dimensions being smaller than the wavelength of the light, the ray optics
models gives similar results like a diffraction model (see fig. 2.4 (right)).
Due to the thermal lens, the detection laser intensity is either increased or lowered. The probe beam is
collimated or dispersed, respectively. An expression frequently found in the literature is the maximal
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photothermal signal. Equation 2.47 allows to derive a simple expression for the maximal photother-
mal signal. Assuming that both laser foci are not offset along the optical axis ∆zf = 0 and have









The use of ∆zf ̸= 0 changes the amplitude by a prefactor in the order of one. In eq. 2.48 all parameters
appear naturally. Φmax is proportional to the relative refractive index change with temperature ∂nT/n0.
The term σabsκ I0,h is attributed to the temperature elevation. A larger temperature increase results in
a larger Φmax. The inverse proportionality to the inverse beam waist squared is explained by the
assumption of a point source. If the beam waist decreases, the effective focal length feff increases as
the contribution of the region close to the point source where large changes occur is increased.
2.4.3 Information Contained in the Photothermal Signal
Due to its nature, the photothermal signal contains information on absorption and the thermal trans-
port. Both features are well known and used in experimental observations. As the photothermal signal
is proportional to the absorption cross section (see eq. 2.48), the technique is well suited to measure
this quantity. Assuming that the thermorefractive coefficient and thermal conductivity are constant,
the temperature elevation is proportional to the absorption cross section. This dependence is used to
quantify absorption cross sections of metallic nanoparticles,26, 36, 39 quantum dots,33 molecules31 and
carbon nanotubes.38
The measurement itself is more complex as the intensity of the heating laser is hard to determine and
subject to aberration. This issue is typically resolved by performing a reference absorption measure-
ment for a sample where the absorption cross section is well known. Possible candidates are gold
nanoparticles31 or gold films.39 The other approach is to include the aberration in the modeling of
the photothermal signal using a generalized Lorenz–Mie theory.26
Another application of photothermal microscopy is the study of adsorption on the nanoparticle’s
surface. The adsorption layer alters the absorption of the nanoparticle as a change in the refractive
index also alters the absorption cross section. On the other hand, the thermal transport is altered. The
adlayer has a different thermal conductivity and adds an interface that has an interfacial resistivity
due to the acoustic mismatch. The study by Koh et al. indeed measured a change in the photothermal
signal after adsorption of molecules and reported that the change was due to a six-times lower thermal
conductivity in the adlayer than in the surrounding liquid.123 Zijlstra et al. reported a change of the
photothermal signal of a nanorod upon adsorption of single proteins which was attributed to the local
refractive index change by single proteins.124
The photothermal signal is inverse proportional to the thermal conductivity of the medium surround-
ing the absorber (see eq. 2.48). But, as already mentioned, the determination of the absorbed power
is very hard due to aberrations. Also the power absorbed by a particle is proportional to its volume,
σabs ∝ R
3. Therefore, it is not feasible to determine the thermal conductivity from a static measure-
ment. Luckily, there is a different approach based on the modulation of the optical heating f . In the
first observation of single particle photothermal microscopy, it was observed that the photothermal
signal depends on the modulation frequency.43 If the thermal diffusion length R =
√
α
π f , α being
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the thermal diffusivity, becomes smaller than the diameter of the probe laser beam the photother-
mal signal drops.43, 53 In other words, the temperature profile is not completely modulated during a
modulation cycle. Using this approach the thermal diffusivity could be measured. Past approaches
have failed to extract reasonable thermal diffusivities. Using a simplified model Berciaud et al. deter-
mined thermal diffusivities that were at least three-times lower than what is expected for an organic
liquid.53, 54 The disagreement is the result of a simplified model.
2.4.4 Signal Enhancement
The photothermal signal is proportional to the refractive index change with temperature (see eq. 2.48).
To make photothermal microscopy highly sensitive, it is desired that a small temperature elevation
creates a large signal. The enhancement in sensitivity is, for example, required to study the absorp-
tion and fluorescence at the same time.32 A material class that features a significant refractive index
change slightly above room temperature are some thermotropic liquid crystals such as 5CB. Ther-
motropic liquid crystals consist of rodlike molecules that have direction-dependent polarizabilities.
The orientational order of molecules makes them birefringent (see also section 2.3). At the nematic
to isotropic phase transition, liquid crystals loose their anisotropy and become isotropic. Therefore,
the refractive index change is significant for polarizations parallel to the principal axes. It was indeed
observed that the photothermal signal in 5CB is up to a factor of 20 compared to glycerol.125, 126
However, these publications do not include discussions of the optimal parameters in the intensity of
the optical heating and the modulation frequency. Therefore, the measured signal enhancement of 20
is only a lower boundary.
The perception that the modulation frequency, sample temperature as well as heating and detection
power influence the photothermal signal and, thereby, the signal to noise in a nonlinear manner is
supported by mid-infrared photothermal spectroscopy studies of thermotropic liquid crystals.127, 128
In 4-Cyano-4’-octylbiphenyl (8CB) for example, the photothermal signal drops with the absorbed
power for a sample that is heated to about 1K below the nematic–isotropic phase transition temper-
ature and the optical heating exceeds a certain threshold. In this case, the modulation of the optical
heating is too fast, and a stationary offset is added to the temperature profile. Therefore, the phase
transition is not completely modulated anymore and the photothermal signal is not enhanced by the
large change of the refractive index during the phase transition.
To optimally use the nematic–isotropic phase transition for the signal enhancement one is required to
heat to sample as close to the phase transition temperature as possible. Then a tiny optical heating of
an absorber would drive the phase transition. In this case, one can make use of the large refractive
index change upon heating. But the heating power supplied to drive the phase transition is very small.
Therefore, it takes very long to complete the phase transition. In this case, modulation frequencies,
as typically used in photothermal microscopy, are not accessible if high enhancement factors shall be
used. Therefore, the ultimate limitation of the signal enhancement is the latent heat transformed in
the nematic–isotropic phase transition.
A solution to this limitations is the use of a different system such a xenon. Supercritical xenon
changes its density and thereby the refractive index considerably.129 The use of a supercritical fluid
circumvents the nucleation processes present in liquid–gas phase transitions which are highly non-
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linear and difficult to control. The photothermal signal can be enhanced by a factor of about 500
compared to glycerol.130 Using the signal enhancement in xenon simultaneous observations of ab-
sorption and fluorescence provided new insight into the photophysics of conjugated polymers.32
Finally, the use of nanometer-sized bubbles is another route to achieve large photothermal signals at
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The present chapter will discuss experimental and theoretical techniques used during the thesis. It
will discuss details on the sample preparation, lock-in detection, the experimental setup, the numerical
calculations and the polarization contrast measurements.
3.1 Sample Preparation
All samples are produced on top of BK7 glass substrates from Roth that undergo the following clean-
ing procedure. They are rinsed with acetone, ethanol and Millipore deionized water. After rinsing the
substrates are dried with nitrogen. The substrates are treated for 1min in an oxygen-nitrogen plasma
at 2.5mBar.
PDMS Samples Polydimethylsiloxane (SYLGARD 184 from Dow Corning), also called PDMS,
is often used in microfluidics due to its homogeneity and transparency. The monomer is mixed at
a ratio of ten to one with the curing agent and stirred well. This process induces air bubbles into
the viscous mixture. Negative pressures at 1− 10mBar remove the air bubbles. Then 100− 200µl
of the prepared liquid PDMS mixtures are dropped onto a cleaned coverslip which is placed on a
spin-coater (Laurell WS-400B-6NPP) and spun to 8000rpm. The coverslip remains at that velocity
for approximately 20s. The sample is cured in an oven for 25min at 100◦ C. This procedure results
in layer thicknesses of approximately 15µm.
The cured sample is treated for 20s in the plasma above. Then 20−30µl of gold nanoparticle solution
are applied onto the sample. The sample is spun to 8000rpm. The particle concentrations of the gold
nanoparticle solutions are adapted depending on the particle size. For nanoparticles with 60nm in
diameter the stock solution is used having a concentration of about 2 ·1010 particles per ml to get well
separated particles in the sample. For smaller particle sizes the respective stock solutions are diluted
to achieve particle concentrations that are comparable to the one above. During the course of the
thesis gold nanoparticles with 10, 20, and 60nm in radius from Nanopartz and BBI Solutions have
been used. During the experiments, no influence of the manufacturer was observed.
After the spin-coating of the gold nanoparticles, the sample is dried for 2−5min in an oven at 100 ◦C
to remove excess water. To embed gold nanoparticles in an homogeneous environment, a second
PDMS layer is applied on top of the particles following the procedure described above.
Water Samples Gold nanoparticles at the interface are needed to spatially overlap both laser beams
in the samples. Therefore, gold nanoparticles are covalently attached to the glass substrate using (3-
Aminopropyl)trimethoxysilane called APTMS from Sigma-Aldrich. The preparation process is as
follows.
Rinsed coverslips are additionally processed with a piranha solution containing sulphuric acid and
hydrogen peroxide at a 1:1 ratio. The pyranha etching creates silanol groups at the glass surface
enabling the bonding of APTMS. Pyranha solution and glass substrates are put into a Teflon vessel
and treated in an ultrasonic bath for 20min. Afterward, the samples are rinsed with Millipore and
dried with nitrogen. The APTMS solution contains methanol and APTMS at a 9:1 ratio. The cleaned
glass substrates are incubated for 30min. The treated samples are rinsed with methanol and water to
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remove access APTMS molecules. After drying with nitrogen and spin-coating of gold nanoparticles
the samples are heated to 100 ◦C in an oven for 10min to attach the gold nanoparticles covalently to
the surface.
Having prepared the bottom coverslip, 20µl solution containing nanoparticles dissolved in water are
applied onto the substrate. A second coverslip is used as a cover. The resulting chamber is sealed
with the PDMS monomer to prevent evaporation and evaporation induced flows. The samples can
be used for several days and contain a liquid layer which is about 50µm in thickness. To ensure
single particle events in the experiments, the average volume occupied by a single particle is 300 to
1000-times larger than the focal volume of the detection laser
Liquid Crystal Samples The used liquid crystal is 5CB (4-Cyano-4’-pentylbiphenyl). The crys-
talline order is induced by surface alignment. Therefore, a saturated solution of PVA (Polyvinylal-
cohol, Sigma-Aldrich, 99% hydrolyzed) and water is prepared, and one which additionally contains
gold nanoparticles. The solutions are spin-coated onto a cleaned coverslip at 3000rpm. Then the
cover slip coated with PVA only is unidirectionally rubbed using Thorlabs Webril Handi-Pads. This
approach creates untwisted samples. If both cover slips are rubbed the liquid crystal films are al-
ways slightly twisted due to the manual rubbing. To achieve different layer thicknesses, a chamber is
formed where the coated surfaces face each other having aluminum foil as a spacer on one side. The
chamber is filled with 2µl of liquid crystal by capillary forces.
3.2 Lock-in Detection
A lock-in detection is used to extract signals at a frequency f . The noise can be much larger than the
signal s(t) = Φcos(2π f t + δ) with the phase delay δ and the amplitude Φ. The signal is multiplied
with a reference signal rcos(t) = Vref cos(2π freft + θref) that has a certain reference phase delay θref
and frequency fref,
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VsigVref cos([2π f −2π fref]t +δ−θref)+ (3.2)
1
2
VsigVref cos([2π f +2π fref]t +δ−θref). (3.3)
The following lowpass filtering removes the high-frequency component at the frequency f + fref.
Depending on f − fref a low frequency component might remain if the time constant of the lowpass
filter is smaller than 1/( f − fref). Only signals very close to fref are detected. The bandwidth of the
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If the optimal performance of the lock-in amplifier without perturbations shall be reached, different
aspects have to be considered.133a) In the ideal case, the present noise is purely white. In practical
situations, periodic background signals are minimized as much as possible.












If the signal is purely harmonic like s(t), first-order Fourier components are identical to the multipli-













This approach is used to calculate the phase sensitive signals from numerical calculations of time-
harmonic signals.
3.3 The Photothermal Microscope
The photothermal setup is home-built and adapted to the use of different contrast mechanisms. In all
situations, one point is imaged at a time and images are obtained by moving laser beams and sample
relative to each other.
3.3.1 Measuring Photothermal Signals
The transmission change upon heating is typically in the order of 10−4 K−1. As the temperature
profile for nanometer-sized absorbers is established within fractions of a microsecond a modulated
detection scheme is applied. The intensity of the heating laser is harmonically modulated by an
acousto-optic modulator at frequencies of 1−2000kHz. The modulation of the heating laser results
in a modulation of the detection laser which is orders of magnitude smaller than its overall signal. To
measure the modulation amplitude, which is the photothermal signal, the photodiode signal is fed to
a lock-in amplifier.
3.3.2 Photothermal Microscope
The photothermal setup consists of two different laser beams. The heating laser at 532nm is a Coher-
ent Verdi V-5 operated at 1W. A beam splitter reflects 10% of the output and a 500mm lens focuses
the light into the active region of an acousto-optic modulator (Isomet 1206C or Isomet 1260C). The
modulation is controlled either by a function generator (Fluke and Philips PM5138) or a lock-in am-
plifier (Signal Recovery 7280). The beam of light is collimated by a 400mm lens. In the next step the
beam of light is expanded using a telescope with 60mm and 100mm lenses. Spatial modes other than
TEM 00 are filtered by a 20µm pinhole. The heating laser is co-aligned with the detection laser using
a) Manual for the lock-in amplifier Signal Recovery DSP7280 http://ameteksi.com/-/media/ameteksi/
download_links/documentations/7280/190398-a-mnl-d.pdf
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a dichroic mirror. Typically heating powers of 1µW to 2mW are used and tuned by a continuously
variable neutral density filter wheel.
The detection beam of light is provided by a Coherent ULN laser diode at 635nm. It has a very stable
power output and shows low fluctuations at frequencies between 10Hz and 10MHz. However, the
laser light is pulsed at a repetition rate of 170MHz. The beam of light is spatially expanded in a
telescopic system having a 19mm and a 200mm lens and is spatially filtered by a 30µm pinhole.
After both beams of light are co-aligned at the dichroic mirror, the illumination objective (Olympus
UPlanSApo 100x, NA=1.4, oil immersed) focuses the laser beam into the sample. The laser beams
overfill the back aperture of the objective. A piezo stage (Physik Instrumente P-517.3CL) controls the
sample position and enables sample scanning to obtain images. LabVIEW and a real time processing
unit (Jäger Messtechnik Adwin-Gold) control the positions of the piezo stage and manage the data
acquisition including digitization of the analog measurement signals.
In the following the used configurations in the detection path are described, which differ depending on
the measurement of transmission images, photothermal lensing, deflection, and polarization contrast.
Transmission Microscopy The transmission images of single gold nanoparticles are used to val-
idate that the laser beams are well co-aligned, meaning that both laser beams are positioned central
and perpendicular in the back-aperture of the illumination objective and overlap in the object plane. A
dry objective (Olympus MPlanFLN 50x, NA=0.8) collects the transmission. The laser beams are split
by a dichroic mirror and imaged onto different photodiodes (Thorlabs PDA36A). The Adwin-Gold
digitizes the analog photodiode signals. It is important to use relatively low powers of the heating
laser as the optical heating can alter the transmission. The signal to noise ratio of the heating laser
can be enhanced by intensity modulation and subsequent demodulation using the lock-in amplifier.
Photothermal Lensing Single particle photothermal lensing detects the change of divergence of
a detection laser beam which is caused by an optically heated nanoparticle. Photothermal lensing
is detected by measuring the transmission through an aperture. Here, the aperture is already given
by the detection objective (NA=0.8), which has a significantly smaller numerical aperture than the
illumination objective (NA=1.4). As the refractive index change is typically in the order of 10−4 K−1,
a modulated detection scheme is implemented to enhance the signal to noise. The heating laser is
intensity modulated at a frequency f , which causes a harmonic modulation of the detection if a par-
ticle is in focus of the heating laser. A lock-in amplifier measures the in-phase and out-of-phase
signal with respect to the modulated optical heating (see fig. 3.1 (a)). The repeated comparison of
the transmission of the detection laser when a particle is heated and not heated makes photothermal
microscopy very sensitive. The shape of the photothermal lensing signal can be controlled by chang-
ing the distance between heating and detection laser beam foci.26, 28 The latter is achieved by moving
lens LI in the telescope of the heating laser.
The transmission of the detection laser is measured by a photodiode (Thorlabs PDA36A or Femto
HCA-S-200M). The Thorlabs PDA36A is a variable gain silicon photodiode. It has a large detector
size. If low harmonic distortion and constant amplification are of interest, a gain of 0db shall be used.
The Femto HCA-S-200M offers a much smaller active area, low harmonic distortion, and constant
amplification if operated below an output voltage of 1.2V.
































































Figure 3.1: (a) The standard setup for photothermal lensing and transmission microscopy. Polarizers (P1, P2)
and half-wave plate, required for polarization contrast, pinhole (PH), dichroic mirrors (D1, D2), interference
filter (F), photodiode (PD), acousto-optic modulator (AOM). (b) Setup for single laser beam photothermal
microscopy. The signal s(t) is measured by a photodiode. References R1 or R2 can be subtracted from s(t) to
reduce the magnitude of the modulated signal. Thereby, the input amplification of the lock-in amplifier can be
increased. The laser beams are attenuated by a grey filter (G) to match the power of the signal beam (S) which
is spatially filtered by an aperture.













































Figure 3.2: Setup for photothermal deflection. In the scheme of the setup two modes of operation are shown.
For the usual photothermal deflection with particle scanning the two magnetic mirrors (M1 and M2) are re-
moved. The probing of the extended thermal lens utilizes a laser scanning where the heating laser remains
focused on the nanoparticle. The detection laser is raster scanned by a set of galvanometer scanning mirrors
(G) to probe the extended thermal lens. Pinhole (PH), dichroic mirrors (D1 and D2), polarizers (P1, P2) and
half-wave plate (HW) if required for example for the polarization contrast. The combination of right angle
knife edge prims (KE) and photodiodes (PD) detects the deflection of detection laser in one direction.
Single Beam Photothermal Lensing Single Beam Photothermal microscopy is a variant of pho-
tothermal lensing which utilizes only a single laser beam to selectively detect absorbers (see fig. 3.1).
The heating laser is intensity modulated at f with an additional offset. The laser power of the offset
and the average of harmonically modulated power are approximately equal. The detected laser signal
is fed to the lock-in amplifier which calculates in-phase and out-of-phase signals. The in-phase signal
contains the scattering signal from the nanoparticle and the photothermal signal. The out-of-phase
signal consists in principle solely of the photothermal signal. To reduce the modulation amplitude of
the signal that has to be analyzed by the lock-in, the references R1 or R2 can be subtracted from the
signal S (see fig. 3.1 (b)).
Polarization Contrast The polarization contrast is utilized to characterize samples where gold
nanoparticles are embedded into a liquid crystal matrix. The detection is polarized with a nanoparticle
linear film polarizer. A half-wave plate is placed in front of the polarizer to maximize the power of
the polarized light. Due to technical reasons a dichroic mirror, a silver mirror and two objectives are
placed between analyzer and polarizer. Therefore, the contrast between parallel and perpendicular
polarizer configurations is only about 100:1. If the polarization is purely s or p polarized at the optical
elements, the contrast between parallel and perpendicular polarizers is higher. The measurement is
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performed with the detection laser only. The signal of the detection laser is directly recorded by the
Adwin-Gold.
Photothermal Polarization Contrast Upon optical heating of a nanoparticle the anisotropy of the
liquid crystal decreases. Therefore, the polarization of the detection laser is changed upon optical
heating. This microscope configuration is set like the polarization contrast with a co-aligned heating
laser beam described above.
Photothermal Deflection Photothermal deflection detects the movement of the detection beam’s
center due to a heated particle. The transmission is detected with an objective (Olympus UPlan-
FLM 100x, NA=1.3) that has a numerical aperture similar to the one of the illumination objective
to minimize photothermal lensing. The transmission is split by a right angle prism and imaged onto
two photodiodes (Thorlabs PDA36A, 0db). The photodiode signals are input to a lock-in amplifier
and subtracted from each other. The lock-in output modulation amplitude and phase delay of the
difference signal is caused by a harmonically heated particle.
Probing the Extended Thermal Lens To probe the extended thermal lens via photothermal deflec-
tion, the probing laser has to be steered independently on the heating laser. Therefore, the beam path
of the detection laser is altered and a set of galvanometer mirrors (Thorlabs GVS012) is added (see
fig. 3.2). The beam expander of the detection laser beam is modified by changing the focussing lens
to 60mm and the collimating one to 200mm to underfill the illumination objective. To utilize laser
scanning, the laser beam has to be rotated around the back focal plane of the illumination objective.
This is achieved by putting, for example, a 4f system between galvanometer scanning mirrors and the
illumination objective. This way the rotation by the mirrors is imaged into the back aperture without
shifting the lateral position of the laser beams. The rotation around the back aperture shifts the focus
position in the object plane.
To achieve the optimal resolution and range of the laser scanning a telescope with a 400mm and a
60mm lens are placed in front of the scanning mirror. Behind galvanometer scanning mirror, the 4f
system above is replaced by a telescope having a 60mm and a 300mm lens. The distances between
all the lenses and the lenses themselves are chosen according to the algorithm developed by Fällman
and Axner.134
Amplification of the Photodiodes As the frequency dependence of the photothermal signal’s am-
plitude and phase delay are of particular interest, the amplification of the photodiodes has to be con-
stant over the whole frequency range, and the phase measurement should not suffer from harmonic
distortions. In figure 3.3 the frequency dependence of the measured modulation amplitudes is plotted
against the modulation frequency. This relationship is heavily affected by the amplification. At 20db
the amplification of the incident light increases slightly with modulation frequency up to 300kHz
and decreases afterward due to its bandwidth of 1MHz (see fig. 3.3 (left)).a) At 10db the detected
signal amplitude increases by a factor two from 10kHz to 2MHz. At 0db amplification the detection
a) Manual for the photodiode Thorlabs PDA36A https://www.thorlabs.com/drawings/
abf41200f5b4afe2-02C8E42C-5056-0103-79ED767FCEF2B44F/PDA36A-Manual.pdf.















































Figure 3.3: The heating laser is intensity modulated and its transmission is detected by a photodiode. The
photodiode signal is input to the lock-in amplifier that measures the modulation amplitude. (left) shows the
modulation amplitude for a frequency sweep for different amplifications of the photodiode Thorlabs PDA36A
at 0db (black), 10db (red) and 20db (blue). (right) modulation amplitude for Thorlabs PDA36A at 0db (solid
line) and Femto HCA-S-200M (dashed line).
modulation amplitude is constant and fluctuates by about 4%. At 0db and 20db the performance of
the photodiode is acceptable. The amplification of 10db will not be used.
According to the manual the Femto HCA-S-200M provides low harmonic distortion and linear am-
plification if the photodiode signal is below 1.2V.a) The photodiode output is monitored with an
oscilloscope and the laser power is adjusted with a grey filter wheel in front of the detector. The
amplification of the photodiode is constant over the whole frequency regime with deviations that are
smaller than 1% (see fig. 3.3 (right)).
3.4 Numerical Electromagnetic Calculation
Here, details on the numerical electromagnetic calculations are given. The calculations are based on
a generalized Lorenz–Mie theory that solves Maxwell’s equations for spherical symmetric refractive
index profiles and arbitrarily shaped laser beams.26, 118 The situation of interest here is a spherical
gold nanoparticle that is surrounded by a refractive index generated by a thermal wave (see eq. 2.31).
The implementation was done by M. Selmke who improved scattnlay120 from incident plane waves
to arbitrarily shape laser beams.
The implementation has three different layers. Layer 1 is a c-program which takes the beam shape
parameters and the parameters characterizing the layers. The most important outputs are the extinc-
tion, scattering, and absorption efficiency factors which allow the calculation of the respective cross
sections. An Igor Pro script generates the inputs for the c-program, starts the calculation and reads
the command line output. This is the second layer which calculates the transmission signal for one
a) Manual for the photodiode Femto HCA-S-200M-SI http://www.femto.de/images/pdf-dokumente/
de-hca-s-200m-si_r10.pdf.
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pixel and one time instance. Layer 3 batches layer 2 to obtain images and photothermal images at
different time instances.
3.5 Optical Characterization of Liquid Crystal Domains




twist angle φ of the liquid crystal films. The retardation quantifies the phase delay between light
that is parallel and perpendicular polarized to the director. The twist angle is the angle between the
directors at the two interfaces inducing ordered liquid crystal domains.
The nematic liquid crystal film changes the polarization of the incident linearly polarized light. Tak-
ing a second polarizer the change of polarization results in a transmission change which is detected by
a photodiode. The measurement is performed twice for each orientation. First polarizer and analyzer
are set parallel and then perpendicular to each other measuring the corresponding transmissions Is
and Ip to guarantee the normalization 1 = Is + Ip. Linear polarized light that is incident on the liquid






























φ2 +β′2, and ζ is the orientation of the polarizers. The measurement is performed
for 10− 15 different orientations of the polarizer. Ip and Is are invariant under the transformations
ζ → ζ± π/2, which makes it impossible to distinguish ordinary and extraordinary axis of the LC,
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The following chapter constitutes the main part of the cumulative dissertation. The purpose of thesis
is to show that single nanoparticle can be utilized as probes for thermal transport and actuators in the
sample.
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4.1 Thermal Diffusivity Measured Using a Single Plasmonic Nanoparticle
Abstract
A method to measure the thermal diffusivity around a single heated gold nanoparticle is presented. It
is based on photothermal single particle microscopy and employs the phase delay of a temperature
modulation due to the finite thermal diffusivity. The phase delay is detected optically averaging
over the focal volume of a diffraction limited beam of light. The thermal diffusivity is extracted by
comparison to electromagnetic scattering calculations of the photothermal signal. Measurements
in the solid (polymer) and liquid (water) are presented and compare well with literature data. The
method paves the way for extended measurements of nondiffusive and heterogeneous heat transport
in complex media.
The Section is based on the following article A. Heber, M. Selmke, F. Cichos. Thermal diffusivity
measured using a single plasmonic nanoparticle, Phys. Chem. Chem. Phys. 105:2, 065428 (2015)
is published by the PCCP Owner Societies under CC BY 3.0. The article has been adapted. Details
on the author contributions are given in the appendix 6.4.
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The understanding of thermal transport processes has greatly benefitted from numerous methods that
measure heat transfer close to surfaces or of macroscopic samples. The general principle behind these
measurements is that a thermal perturbation is induced and then monitored. The temporal evolution
of this thermal perturbation is a reporter for the thermal diffusivity. There are many different methods
that implement this principle. Using the 3ω method a metallic wire acts as the heating and temperature
probe at the same time.95 Other methods apply a delta-like heating by a pulsed laser to an absorbing
surface5, 136, 137 or particles7, 8 and then measure transient reflectance or absorption that are related to
temperatures using a delayed probe laser pulse. Scanning thermal microscopy10 probes temperatures
directly and measures thermal conductivities at high spatial resolution, but requires physical contact
with the probe. Recently, surface plasmon resonance shifts of single gold nanoparticles have been
used to quantify the average thermal conductivity at an interface.52 Macroscopic thermal lensing can
be utilized to measure thermal diffusivities in solids,138 liquids and colloidal suspensions.139
In this paper, we demonstrate the capabilities of quantitative single particle photothermal (PT) mi-
croscopy26–28 to assess thermal diffusivities locally within a medium using far-field optical readout.
This is not possible with most other methods apart from transient absorption7, 8 which employs pi-
cosecond pulsed lasers and thermal lensing microscopy.138 Thermal diffusivity measurements using
PT microscopy will enable the study of thermal transport in samples where gold nanoparticles are
already used as tracers42 or for local temperature manipulations.140
PT microscopy is a versatile method to study absorbing particles. This technique enables absorption
measurements of single nanoparticles and single molecules,31 imaging41, 42 as well as correlation
spectroscopy, i.e. to investigate dynamics in solution.44, 48 The PT contrast originates from optically
excited objects that dissipate their thermal energy into the surrounding medium as heat. Around
these nanosources of heat, a temperature profile is created that brings about a refractive index change
due to thermal expansion. As the photothermally induced transmission change is small as compared
to the overall transmission a lock-in detection scheme is put forward in which the heating laser is
harmonically modulated.53 The refractive index change is detected by a continuous wave laser in
transmission demodulated by a lock-in amplifier. The amplitude of the PT signal has been shown
to depend on the modulation frequency of the optical heating43, 53, 138, 141, 142 due to a finite thermal
diffusivity. Therefore, the frequency dependence of the photothermal signal contains information on
the thermal transport property of the medium surrounding the nanoparticle. This feature can be used
to selectively detect absorption using just a single laser beam.142 To extract the thermal diffusivity
from the frequency dependence of the PT signal it has to be modeled quantitatively. Attempts have
been undertaken but have given unrealistic thermal diffusivities due to a simplified model54 or the
neglect of aberrations.142 To make PT microscopy a quantitative method for the measurement of
thermal diffusivities the PT signal is calculated for different modulation frequencies. The modeling
starts with the calculation of the thermal transport around the harmonically heated gold nanoparticle
leading to a refractive index profile. Afterward, the transmission signal of the detection laser as
measured by a photodiode is determined.
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Figure 4.1: (a) Temperature and refractive index profile around a heated gold nanoparticle. (b) Calculated
transmission signal change in the detector ∆P/P due to the presence of a harmonically heated gold nanoparticle
(R= 5nm) in PDMS. The nanoparticle is positioned on the solid vertical line at z= 0. The relative transmission
change ∆P/P is shown for different displacements between nanoparticle and laser foci along the optical axis
(z-position) at different time instances during one modulation cycle 2π f t. The blue color encodes an enhanced
transmission due to the optically heated nanoparticle and a red one a decrease. Dashed line: the position
of the maximal signal. Horizontal line: heating is turned off. The thermal diffusion length is 150nm. (c)
Comparison of the temperature profiles when the heating power is decreasing (blue) or increasing (red) to
the case with continuous heating. (d) Transmission profile for the dashed line in (b) for one heating period
(black). Normalized power of the heating laser (green). The vertical arrow indicates the amplitude Φ of the
photothermal signal and the horizontal one the phase delay δ between the optical heating and the detection
signal.
4.1.1 Numerical Calculations
The gold nanoparticle is excited at its plasmon resonance and dissipates the excitation energy as
heat into its surrounding medium which increases the temperature locally. An analytical solution
for the thermal transport of a harmonically heated sphere has recently been derived.86 It includes
the heat capacity of the nanoparticle as well as interfacial thermal resistances. However, in our
experiments, the mentioned contributions are negligibly small. Only at modulation frequencies f
larger than 10MHz the heat capacity of the nanoparticle starts to show an effect on the temperature
profiles. To see an effect on the interfacial thermal resistance modulation frequencies of more than
100MHz have to be used. For those reasons the time dependent temperature profile ∆T (r, t) was
derived in the appropriate limit based on the theory of Berto et al.86 retaining the finite particle size
only

























Rth cos(2π f t −ψ(r))
)
. (4.3)
Herein, ∆T is the temperature elevation in the steady state at the nanoparticle’s surface, R its radius,
Rth =
√
α/π f the thermal diffusion length and α being the thermal diffusivity of the medium which
is the quotient of thermal conductivity divided by the volumetric heat capacity. The thermal diffusion
length characterizes how far thermal energy is transported during one modulation cycle. The term
N is a small correction to the amplitude of the temperature modulation and ψ(r) its phase delay in a
certain distance r from the center of the nanoparticle. Equation 4.3 is slightly more accurate for finite
R as compared to the temperature profile of a point source90 typically used in this context and does
not contain any additional material parameters. The temperature profiles differ significantly from a
purely one over distance dependence (see fig. 4.1 (c)). The temperature elevation alters the refractive
index locally as
∆n(r, t) = ∂nT∆T (r, t). (4.4)
The thermorefractive coefficient ∂nT quantifies the refractive index change with temperature. At an
instance, the gold nanoparticle is surrounded by a radially symmetric refractive index profile that
is modulated in time being induced by the harmonically modulated heating laser. The situation is
sketched in fig. 4.1 (a). The PT signal depends on the exact shape of the non-absorbed detection
laser beam as it averages over different ψ(r). The two laser beams are co-aligned using their scat-
ter images and focused by an oil-immersed objective (NA=1.4). Their transmission is collected by
a dry objective (NA=0.8). The peak intensities of both laser beams have no displacement in any
spatial dimension. The aberrations caused by the high NA objectives significantly alter the intensity
distributions, which needs to be taken into account when modeling the photothermal signal.
The transmission signal of the non-absorbed laser beam as detected by a photodiode is computed
utilizing a generalized Lorenz–Mie theory26, 143 for the gold nanoparticle and the time-dependent
temperature profile calculated using eq. 4.3. This step is repeated for different positions of the laser
foci with respect to the nanoparticle and times during the heating cycle. The results of such a cal-
culation are displayed in fig. 4.1 (b). The image shows the variation of the transmission signal due
to the modulated heating power and the nanoparticle at each position z along the optical axis. The
nanoparticle is positioned at z = 0. A dispersive lensing signature is found when moving the particle
along the optical axis. This signal is on top of the transmission signal of the nanoparticle without the
refractive index profile.143 For particles smaller than 3 nm in radius this contribution disappears, and
a clear dispersive signal due to the refractive index profile is observed. More importantly, the plot
in fig. 4.1 (b) is not symmetric with respect to the horizontal line. This is due to the fact that if the
optical heating of the nanoparticle is turned off the thermal energy is not instantaneously dissipated
into the surrounding medium. This results in a phase delay δ of the detected signal with respect to the
optical heating. Figure 4.1 (d) shows the time-dependent transmission signal when the detection laser
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focus and nanoparticle are displaced by z =−320nm which also corresponds to the solid vertical line
in fig. 4.1 (b) and to about one Rayleigh range. Here the transmission signal due to the nanoparticle
is extremal. Phase delay δ and amplitude Φ of the PT signal for each position z in fig. 4.1 (b) are
determined by calculating the fundamental Fourier components of transmission profiles as in fig. 4.1
(d).
4.1.2 Experiments
We record the PT signal for single gold nanoparticles in a polymer matrix (Polydimethylsiloxane -
PDMS; SYLGARD 184 from Dow Corning). Heating and detection laser are co-aligned and focused
onto single gold nanoparticles (Nanopartz, R = 5nm). The detection power was adjusted to Pd =
1.9mW at the wavelength λd = 635nm and the heating power to Ph = 0.9mW at λh = 532nm. The
transmission signal of the detection laser is recorded using a photodiode. The modulated transmission
signal is analyzed using a lock-in amplifier resulting in two different components one being in-phase
Φcos and the other one being out-of-phase Φsin with the modulated optical heating. The latter two
correspond to the fundamental Fourier components mentioned in a paragraph before. Further details
on the experimental implementation have previously been reported in Ref. 26. The signal to noise






δ = arctan(Φsin/Φcos) (4.6)
are used to calculate the amplitude of the photothermal signal Φ and its phase delay δ with respect
to the heating δ marked in fig. 4.1 (d). In this study the amplitude of the photothermal signal is
normalized to the maximal observed amplitude at f = 10kHz.
Measurement in the Solid Measurement results for the normalized amplitude of 62 different R =
5nm sized gold nanoparticles in PDMS are shown in fig. 4.2 (a). Each data point is averaged over 0.8s
giving a SNR of approximately 104. The measurements were performed twice on every nanoparticle
at modulation frequencies f between 10kHz and 2MHz. The amplitude of the PT signal saturates
for low f and decreases with increasing frequencies (see fig. 4.2 (a)). This behaviour is observed for
all particles.
The recorded signal amplitudes vary significantly from particle to particle (see fig. 4.2 (c)), which
can be explained by the proportionality of Φ to the particle’s volume. From the standard deviation of
the normalized amplitude being 40% one can conclude that the size dispersion of the nanoparticles is
in the order of 12%, which is in agreement with the value given by the manufacturer being 10%.
The phase delays δ of different particles are shown in fig. 4.2 (b) as a function of the modulation
frequency. The phase delay increases with the modulation frequency. At low modulation frequen-
cies, the temperature profiles show a one over distance dependence from the nanoparticle where only
the amplitude is modulated. Therefore, the phase delay is very small. At higher f the temperature
modulation is diminished, and the phase delay increases. The phase delay for very high frequencies
will saturate at a finite value. A temperature profile that is constant in time with a one over distance
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Figure 4.2: (a) PT amplitude normalized to the maximal amplitude at f = 10kHz and (b) phase delay as a
function of the modulation frequency. The graph shows the results for one acquisition of 62 different nanopar-
ticles. At the dashed line f = 284kHz. (c) Histogram of different photothermal signal amplitudes at 284kHz.
(d) Histogram of phase delays at 284kHz measured in two different acquisitions (bars) as well as a histogram of
their difference (line and markers). For the black colored graph in (a) and (b) the corresponding fits are depicted
in (e) for the amplitude and (f) for the phase delay. Both fits give a thermal diffusivity of α = 1.33·10−7m2s−1.
dependence is retained. At one particular modulation frequency f the spread of δ is much lower as
compared to the spread of the normalized amplitude (see fig. 4.2 (c) and (d)). The variance of δ for
all measurements is comparable to the variance in case the difference between two measurements of
the same particle is taken. Therefore, we were not able to detect any heterogeneities in the sample
concerning the thermal transport which is an expected result. In fig. 4.2 (e) and (f) the results of the
numerical calculation are scaled to δ and Φ for one measurement. The scaling factor is directly pro-
portional to the thermal diffusivity. The numerical results fit the experimental ones in their frequency
dependence very well.
At a fixed heating power we are able to see the expected proportionality between the signal amplitude
Φ and the particle’s volume.26 This allows us to test whether the size dispersion has an influence on
the phase delay by correlating δ and Φ at modulation frequencies of 284 and 355kHz (see fig. 4.3
(c)). The Pearson correlation coefficients of about −0.2 indicate that both quantities are only weakly
correlated (see fig. 4.3 C). The scatter of the measured phase delays and thereby of the thermal






















































Figure 4.3: (a) Phase delay plotted against the normalized amplitude at the modulation frequencies f =
284kHz (red) and f = 355kHz (black). The Pearson correlation coefficients are −0.16 and −0.20 respec-
tively. The solid lines mark the average phase delays. (b) The thermal diffusivity as determined from the phase
delay at every measured frequency. The black colored data set has already been discussed in detail in fig. 4.2
(e) and (f). (c) Average thermal diffusivities are depicted as a histogram for every particle and measurement.
The average thermal diffusivity is α = (1.3±0.1) ·10−7m2s−1.
diffusivities in fig. 4.2 (d) and 4.3 (a), (b) stem from the positioning error of the nanoparticle in
the laser foci. A positioning uncertainty of the nanoparticle in the co-aligned laser foci of 30nm
perpendicular to the optical axis and 80nm along the latter results in a change in the phase delay of
1.5·10−2 rad at f = 284kHz corresponding to an error of 8% in the thermal diffusivity.
For the determination of the thermal diffusivity, the measurement of the phase delay δ at a single mod-
ulation frequency should in principle suffice as the phase delay is independent of the heating power
and the dependence on the particle’s size is negligible as compared to the statistical errors. Therefore,
the thermal diffusivity is determined by comparing the experimentally determined phase delay δ to
the calculation. The thermal diffusivity measured using this procedure is shown in fig. 4.3 (b). The
thermal diffusivities averaged over all modulation frequencies are shown as a histogram in fig. 4.3 (c).
The average thermal diffusivity is determined with (1.3±0.1) ·10−7m2s−1. The thermal diffusivities
as measured by photothermal microscopy agree well with macroscopic measurements performed in a
laser flash apparatus (LINSEIS LFA 1000) giving (1.30±0.02) ·10−7 m2s−1. The thermal diffusivity
still shows a small systematic dependence on the modulation frequency (see fig. 4.3 (b)) likely for the
reason that the aberrations are not perfectly captured by our numerical calculations.
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Figure 4.4: (a) The time trace of Φcos (black) and Φsin (red) is shown for a representative burst event. (b)
Occurrence of the simultaneous measurement of phase delay and amplitude at f = 206kHz. The average
phase delay as extracted from the 2D histogram is plotted in (c). Experimentally measured (squares) and
numerically calculated phase delays (solid line).
Measurement in the Liquid So far it has been demonstrated that PT microscopy can be extended
to study thermal diffusivities in solids. In solids, the two co-aligned laser beams are focused onto
an immobile particle, and phase delays are recorded during frequency sweeps at the position where
the PT amplitude is maximal. In solution, gold nanoparticles perform Brownian motion, and signal
bursts are recorded whenever a particle passes the detection focus (see fig. 4.4 A). Therefore, gold
nanoparticles (R = 30nm in size; BBI Solutions) dissolved in water are put between two cover slips
and sealed with silicon oil. The heating power is adjusted to Ph = 0.42mW leading to a temperature
increase at the particle’s surface of maximal 50K. The detection power is Pd = 1.7mW. The focal
volume is approximately 500 times smaller than the average volume occupied by a single particle
ensuring single particle signals. Again the two components of the PT signal are recorded namely the
in-phase (Φcos, black) and out-of-phase (Φsin, red) components allowing the calculation of the PT
signal’s phase delay and amplitude. We create 2D histograms counting the number of 20µs time bins
having a certain amplitude and phase delay as in fig. 4.4 (b). The histogram is constructed from a
45min long time series. The average phase delay is extracted as follows. From the histogram, line
profiles are taken at a particular amplitude, and the average phase delay is extracted using a Gaussian
fit. This procedure is repeated for all the amplitude bins. For large signal amplitudes Φ the phase
delays are independent of Φ. The corresponding average phase delays are plotted for three different
modulation frequencies in fig. 4.4 (c). The phase delays allow to extract the thermal diffusivity of
water with (1.4±0.2) ·10−7 m2s−1, which agrees very well with the literature value 1.43·10−7 m2s−1.
4.1.3 Conclusions
We have extended photothermal microscopy to measure thermal diffusivities with gold nanoparticles
of a few nanometers in radius. The presented measurements can be conducted in every existing pho-
tothermal microscopy setup and employ the phase information, which is typically neglected. Our
technique will enable spatially resolved thermal transport measurements for materials previously
not accessible for example of plasmonic networks.115, 144 Based on these findings we will be able
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to measure anisotropic thermal diffusivities as well as latent heats. Heterogeneous and so far un-
explored biological materials become accessible as well, but future studies have to investigate the
spatial resolution of the thermal diffusivity measurement in detail. A thorough understanding of the
frequency dependence of the photothermal signal has recently led to the selective detection of ab-
sorbing nanoparticles using a single laser beam.142 The insights presented above can also contribute
to a more detailed understanding of nanoscopic phase transitions.131, 145
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4.2 Thermal Diffusivities Studied by Single Particle Photothermal Deflection
Abstract
Using a fixed pump beam and a steerable probe beam, we image the thermal lens generated by a
harmonically heated gold nanoparticle using photothermal deflection. In combination with a simple
geometric optics model, we extract thermal diffusivities. The measurement technique is applied to
reveal the anisotropic thermal conductivity of a nematic liquid crystal. As the measurement is highly
local, it paves the way for applications in heterogeneous and anisotropic nanoscale thermal transport
studies in complex biological systems.
Adapted with permission from A. Heber, M. Selmke, F. Cichos: Thermal Diffusivities Studied by
Single Particle Photothermal Deflection Microscopy, ACS Phot. 4:3, 681–687 (2017). Copyright
(2017) American Chemical Society. Details on the author contributions are given in the appendix
6.4.
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Single fluorescent molecules have become an indispensable tool for studying condensed matter sys-
tems and have provided many surprising insights146 by measuring position, temperature, viscosity,
orientation, and pH, among other properties, on the nanoscale.147 They can access spatial and dy-
namic heterogeneities in these quantities, which is, in particular, powerful for biological studies.
Single nonfluorescent absorbers can also be imaged sensitively and selectively using ground-state
depletion microscopy,110 spatial modulation spectroscopy,148 interferometric detection,149 and pho-
tothermal microscopy.26, 31, 53 Absorbers are also able to manipulate their environment. Single opti-
cally heated gold nanoparticles are nanosources of heat, which can be used to manipulate biochemical
processes,140 control the propagation of light,145 induce click chemistry,150 catalyze urethane poly-
merization,151 perform nanolithography152 or grow nanostructures.153 Especially for the latter two
examples the effect of the plasmonic heating cannot be imaged optically requiring electron or atomic
force microscopy to validate whether the experiment was successful. Changes in the thermal trans-
port properties would indicate whether a reaction has taken place and the thermal transport in the
nanostructures could be measured. The measurement of changes in the thermal transport enables the
detection of caries,154 molecular binding assays155 and the detection of adlayers.123 Thermal lensing
can be used to identify tissues by their thermal diffusivity.138 State-of-the-art techniques do not probe
the thermal transport around single nanosources of heat, which might hinder the understanding of
highly heterogeneous systems such as the coupling of gold nanorods to their environment.78 Current
techniques study thermal transport at interfaces, such as time-domain thermo-reflectance6 and scan-
ning thermal microscopy,10 for macroscopic samples,5 particle ensembles7, 156, 157 as well as two- or
four-contact transport measurements.94
In this paper, we extend photothermal deflection to study thermal transport in the environment of a
single gold nanoparticle. The deflection signal originates from the heat-induced change of the re-
fractive index of the medium surrounding the heat source. In the case of single particle photothermal
microscopy, a single nano-object is excited at its absorption resonance. The excitation energy is dissi-
pated as heat into its environment, establishing a localized temperature field. A refractive index field,
also called a thermal lens (TL), is created, which alters the propagation of a second nonabsorbed de-
tection laser beam. Here, we follow the heat flowing away from a single heated gold nanoparticle into
space by characterizing the deflection of the detection beam interacting with the refractive index pro-
file generated by the heated nanoparticle. The photothermal deflection probes the extended thermal
lens, which directly allows the extraction of thermal diffusivities. It is analyzed by a simple geometric
optics model. Using the two-dimensional information on photothermal deflection, we can extract the
anisotropy of the thermal transport in the liquid crystal 4-Cyano-4’-pentylbiphenyl (5CB). The use
of a single nanometer-sized particle will enable thermal transport studies in more complex samples
and in situations where gold nanoparticles catalyze chemical reactions. Photothermal deflection will
provide new ways to uncover heterogeneities in the thermal transport of complex and even biological
samples.
4.2.1 Theory
To analyze the deflection of a probe laser beam by a refractive index profile, we calculate the
refractive index change in the medium around a gold nanoparticle with a time-harmonic heating
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(1+ exp(i2π f t)). The time-dependent heating at a frequency f allows a low noise lock-in detection
on the experimental side53, 108 but also provides the time scale for measuring heat propagation. The
complex solution of the heat diffusion equation90 gives the complex temperature rise at a certain




[1+ exp(i2π f t − kthr)] (4.7)
with a temperature increment ∆T0 at the particle’s surface. Equation 4.7 consists of a stationary term
and a critically damped wave-like term with a complex wavenumber kth = (1+ i)/Rth.
158 The damp-
ing of the wave-like term occurs on a length scale of the thermal diffusion length Rth =
√
α/π f .
α = κ/C is the thermal diffusivity, κ and C being the thermal conductivity and heat capacity per
unit volume, respectively. The above equation is only wave-like as the time-independent part trans-
ports the energy and not the wave-like time-dependent part.91 Thermal conduction is thus distinct
from energy transport by electromagnetic or acoustic waves. The complex spatially-dependent part
exp(−ir/Rth) is a spatial phase delay of the transient response, which will become important for the
analysis of the experimental data.
The real part of the complex solution in eq. 4.7 readily yields the refractive index field when including
the medium’s thermorefractive coefficient ∂T n and the ambient refractive index n0,












The refractive index contrast ∆n = (∂T n)Pabs/4πκR of the thermal lens (TL) is determined by the
absorbed power modulation amplitude Pabs ∝ σabsPI , σabs and PI being the absorption cross section
and the incident power modulation amplitude, respectively. Note that the refractive index at a cer-
tain distance is phase-delayed with respect to the optical heating by r/Rth due to the finite thermal
diffusivity. The cosine in eq. 4.8 can be rewritten as the sum of two oscillating functions
cos
(
2π f t − r
Rth
)
= Φ′cos cos(2π f t)+Φ
′
sin sin(2π f t) . (4.9)
The term cos(2π f t) represents the in-phase response to the optical heating, while the sine function
describes the out-of-phase component. The latter arises due to the thermal diffusivity of the medium,
which is reflected by its amplitude Φ′sin = sin(r/Rth), which starts to become nonzero for distances
larger than zero. Correspondingly, the in-phase component has to decrease as Φ′cos = cos(r/Rth). The
amplitudes of the time-oscillating functions are oscillating functions in space. Therefore, they show
distinct maxima and minima on a length scale that is determined by the thermal diffusion length Rth.
As the diffusion length depends on the inverse frequency f, the in- and out-of-phase components of
the refractive index signal obey specific resonances for a well-defined distance r and frequency f .
To calculate the photothermal deflection from the time-dependent refractive index profile, we use a
simple geometric optics model. Although we are in the limit of tightly focused beams, and accord-
ingly wave optics is appropriate, we have shown in the past29, 30 that geometric optics provides a good
approximation as long as the offset of the probe beam b to the nanoparticle is large compared to the
beam diameter of the probe beam. The signal is obtained from a geometric optics calculation of a
light ray with the impact parameter b passing through the optically inhomogeneous medium, acting







































































Figure 4.5: (a) The calculated photothermal deflection signal in-phase Φcos (black) and the of-out-phase with
the harmonically modulated optical heating Φsin (red) in semilogarithmic scale showing the resonances 0 to
4 (res). (b) The phase delay of the deflection signal induced by the thermal transport for beam waists of 0.1
(black), 1.0 (red), 2.0 (dashed) and 3.0b/Rth (dotted) according to eq. 4.10. (c) In-phase Φcos and (d) out-of-
phase signal Φsin for a Gaussian beam with the beam waist ω0 = b/R (solid) and for rays of light (dashed).
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as a lens of focal length F(b; t). The demodulated photothermal signal at a frequency f as measured















The equation governing the ray propagation through the refractive index field at any given instant is
Fermat’s principle.159 The model is sketched in the supplementary material of ref. 142. Here, we
exploit it for off-axis probing and photothermal deflection instead of lensing. The in-phase Φcos and
out-of-phase signals Φsin with respect to the optical heating are plotted in fig. 4.5 (a). The signals











Using eq. 4.10 we find resonances at laser offsets bi corresponding to multiples of the thermal dif-
fusion length Rth, i.e. at bi = ciRth (see fig. 4.5 (a)). Specifically, the first five resonances are ex-
pected at b0 = 0 (the nondeflection PT lensing signal, Φcos), b1 = 1.2Rth (Φsin), b2 = 2.75Rth (Φcos),
b3 = 4.3Rth, b4 = 5.8Rth. With increasing order, the amplitudes of these resonances decay exponen-
tially and become harder to detect experimentally. For impact parameters much larger than the decay
length, b/Rth ≫ 1, the time-dependent part of the thermal lens is completely damped and a stationary
temperature profile remains. In this case, the TL is equivalent to the ideal one n(r) = n0 +∆nR/r.






in this regime, where ξ =−n0/R∆n.29, 30
The deflections induced by the weak TL (bξ ≫ 1) differ from the ideal TL (see eq. 4.12) only sub-
stantially if the impact parameter and thermal diffusion length are roughly of the same size. Here,
the out-of-phase component of the inverse focal length becomes significant, leading to a large con-
tribution to the photothermal signal. The spatial oscillations for impact parameters larger than the
thermal diffusion length b > Rth coincide with the extrema of the refractive index field sin(r/Rth).
The in-phase deflection signal exhibits local extrema for impact parameters b/Rth = mπ (m being an
integer), corresponding to cos(r/Rth).
Equations 4.10 yields the photothermal deflection for one specific impact parameter b. The spatial
extent of the laser focus is about ten times larger than the size of the heat source. Therefore, the de-
flections are averaged over different impact parameters. We handle this approximately by calculating
the convolution of the detection beam’s intensity profile with the in- and out-of-phase signals. Then
the phase delay is calculated from the phase sensitive signals. Figures 4.5 (c) and (d) show the phase
sensitive signals. It is found that the convolution shifts the positions of the extrema of Φcos and Φsin
to higher impact parameters. The in-phase signal for b = 0 vanishes, as there is no deflection of the
beam’s center. An increase of the beam waist shifts the zeroth maximum to larger impact parame-
ters (see fig. 4.5 (c)). Beam waist and impact parameter are approximately equal where the in-phase
signal of the deflection is maximal.
The phase delay δ shows two features in fig. 4.5(b). At b = 0 of the detection beam, an increasing
beam waist is increasing the phase delay from zero to larger values. A greater beam waist averages
57 4.2 Thermal Diffusivities Studied by Single Particle Photothermal Deflection
over regions with larger phase delays. The second feature is observed for impact parameters larger
than the beam waist of the probe beam. Here, the increase of the phase delay is proportional to
increase of the impact parameter as the heat needs more time to diffuse away from the heat source
according to eq. 4.8. In between a nonlinear transition region is observed. The linear increase of the
phase delay at larger offsets appears to be a good candidate to extract thermal transport coefficients
from experimental data. For the analysis of the experimental data, the phase delay is chosen as it is
independent of the temperature increase at the heat source if the lens is weak ξ ≫ 1 and the medium
linear.29 It is a more reliable measure than the signal amplitudes.
4.2.2 Experiment
The experiment utilizes a custom-made microscopy setup (see fig. 4.6). A solid state laser (Coherent
Verdi) provides the optical heating at 532nm wavelength. The laser beam is intensity modulated
using an acousto-optic modulator (Isomet 1260C) at frequencies between 50 and 1000kHz. The
laser beam is expanded and spatially filtered in a telescopic system with a pinhole. The detection
laser beam is a laser diode (Coherent ULN) at 635nm and a laser power of 1.2mW. The detection
laser beam is also expanded and spatially filtered. Its position in the sample plane is steered using
a scanning galvanometer mirror (Thorlabs GVS21) and a telescopic system. The latter allows the
rotation of the laser beam around the back focal plane of the illumination objective. Positions and
focal length of the lenses were chosen as outlined by Fällman and Axner.134 A dichroic mirror
overlays both laser beams. A half-wave plate and a polarizer control the polarization of the probe
beam. An oil-immersed objective (Olympus UPlanSApo 100x, NA=1.4) focuses both laser beams
into the sample. The heating laser beam overfills and the detection beam underfills the back aperture
of the illumination objective. A second objective (Olympus UPlanFLM 100x, NA=1.3) collects the
transmission. The detection laser underfills the back aperture of the illumination objective to suppress
photothermal lensing27 and prevent clipping of the detection laser beam.
The transmission of the probe laser is separated from the heating laser by a dichroic mirror and
an interference filter. The transmission is split into two parts using a knife-edge right-angle prism
(Thorlabs MRAK25-P01) and imaged onto two different photodiodes (Thorlabs PDA36A) at 0db
amplification (see fig. 4.6). This detector configuration detects the deflection of the probe laser beam
in one direction. Both detector signals are input to a lock-in amplifier (Signal Recovery DSP 7280)
which calculates the difference between both photodiode signals and determines the phase sensitive
deflection signal at the modulation frequency f . The setup detects the oscillations of the detection
beam’s center in one direction at f .
Samples consist of gold nanoparticles (Nanopartz, R = 30nm), which are embedded between two
15µm thick PDMS layers (polydimethylsiloxane; SYLGARD 184 from Dow Corning) on top of a
glass substrate. A single gold nanoparticle is positioned in the focus of the heating laser by minimiz-
ing the transmission signal of the heating laser. The maximal temperature increase at the particle’s
surface is approximately 35K for a heating intensity of 20kW/cm2. The detection laser is scanned
over a (6× 6)µm2 area at a resolution of 256px× 256px and a pixel dwell time of 3ms. The dis-
placement between the laser foci along the optical axis is zero. In the experiment, we measure the
phase sensitive signals Φcos and Φsin. The liquid crystal samples consist of two glass substrates that



























Figure 4.6: The experimental setup: Acousto-optic modulator (AOM), galvanometer scanning mirror (G),
pinhole (P), half-wave plate (HWP), polarizer (Pol), illumination objective (O1), detection objective (O2),
photodiodes (PD), reflective knife-edge prism (KE), analog digital converter (ADC).


























Figure 4.7: Photothermal deflection signal (a) in-phase and (b) out-of-phase with modulated optical heating
in PDMS. The insets show the signal’s sign. Amplitude (c) and phase delay (d) images are shown for a single
gold nanoparticle with R = 30nm in PDMS at a heating intensity of 30kW/cm2 and a modulation frequency
of 200kHz. See fig. 4.8 for the corresponding line profiles. The bars correspond to 1µm.
restrict and align the liquid crystal 4-Cyano-4’-pentylbiphenyl (5CB). One substrate is coated with
polyvinyl alcohol (PVA) and is unidirectionally rubbed to surface align the liquid crystal molecules.
The other substrate is covered with a PVA layer that hosts single gold nanoparticles with 30nm in
radius. The liquid crystal layer has a thickness of approximately 5µm.
4.2.3 Results and Discussion
Figure 4.7 shows a sample scan for a single particle at a modulation frequency of 200kHz and fig.
4.8 the corresponding line profiles at 50 and 200kHz and a peak heating intensity of 30kW/cm2.
As compared to conventional photothermal microscopy where heating and probe laser overlap, our
scanning system with a fixed heating beam probes the extended thermal lens. Thus, the spatial extent
of the signal is much wider than the diffraction-limited signals typically observed for photothermal
lensing26 and deflection.30
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The direction of the deflection measurement coincides with the vertical direction of the images. The
phase sensitive images show two distinct extrema with opposite signs that are separated by a zero
crossing at the position of the gold nanoparticle b = 0 (see fig. 4.7 (a) and (b)). The direction of the
deflection changes when the sign of the impact parameter b does. The resonances 0 and 1 from fig.
4.5 are clearly visible in fig. 4.7 (a) and fig. 4.7 (b), respectively. Besides these global extrema closest
to the position of the gold nanoparticle, resonance 2 is visible in the in-phase signal in fig. 4.7 (a) as





sin does not exhibit any resonances due to the strong damping of the
thermal waves (see fig. 4.7 (c)).
The phase delay δ, which is induced by the thermal transport, is plotted with a periodicity of π in fig.
4.7 (d). The phase delay increases with the distance from the position of the nanoparticle. The phase
delay is almost spherically symmetric with respect to the position of the nanoparticle. A deviation
from the spherical symmetry is visible only for small vertical distances from the nanoparticle as there
is no deflection. In this region, the phase is undefined as the deflection amplitude is vanishing.
The line profiles in fig. 4.8 (a-d) at modulation frequencies of 50 and 200kHz allow for a more
quantitative comparison. Φcos, Φsin and Φ decrease with the modulation frequency, and they are
confined to a region closer to the location of the nanoparticle (see fig. 4.8 (a-c)). The position of
the resonance closest to b = 0 in fig. 4.8 (a) and (c) is independent of the modulation frequency and
therefore a property of the laser focus. Resonance 2 is clearly visible for the in-phase signal. The
position of the maximum depends on the modulation frequency and therefore contains information
on the thermal diffusivity. However, the phase delay is better suited to extract thermal diffusivities,
as this value depends only on the beam waist of the detection focus and the thermal diffusion length.
The phase delay is minimal for small impact parameters b ≈ 0 and shows a plateau (see fig. 4.8 (d)).
The plateau results as explained in the theory section from an averaging of the detection laser over
phase delays from a finite volume. The relative size of the volume increases with the modulation
frequency. Therefore, the phase delay at b = 0 increases with the modulation frequency, which is
also observed in fig. 4.5 (d). The phase delay is well fitted with the geometric optics model, where
the phase delay is weighted according to the signal amplitude. From the fits, the thermal diffusion
length and the effective beam waist are extracted.
To validate the applicability of photothermal microscopy, we measure the thermal diffusivity of
PDMS. Single gold nanoparticles are optically heated using a peak heating intensity of 4kW/cm2
and modulation frequencies of 50, 100, 200, 400 and 1000kHz. Sample data points and fits are
shown in fig. 6.3 in appendix 4.2. Figure 4.8 (e) plots the thermal diffusivities against the modulation
frequency for eight different particles. At the highest modulation frequency of 1000kHz the average
extracted thermal diffusivity is 5% larger than the average at all other modulation frequencies, and
the standard deviation is bigger. This observation originates from the geometric optics model, which
performs best for impact parameters larger than the beam waist. At high modulation frequencies the
data points for large impact parameters b/Rth are sparse due to the rising attenuation of thermal waves
with the modulation frequency (see also fig. 6.3 in appendix 4.2). For high modulation frequencies, it
becomes evident that only the plateau contributes and the straight tail is not fitted. The average ther-
mal diffusivity of (1.32±0.04) ·10−7 m2 s−1 using modulation frequencies from 50 to 400kHz is in
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Figure 4.8: Line profiles (a) in-phase Φcos, (b) out-of-phase signal Φsin, (c) amplitude Φ and (d) phase delay
δ of the photothermal deflection along the to dashed lines in fig. 4.7 in PDMS. The modulation frequencies
are 50kHz (black) and 200kHz (red). (e) Thermal diffusivities extracted from the line profiles of the phase
delay using the ray optics model. The black points are the data points for individual nanoparticles. The red
squares show the average thermal diffusivity for each modulation frequency. The average thermal diffusivity
using modulation frequencies from 50 to 400kHz is (1.32±0.04) ·10−7 m2 s−1.









































-2 -1 0 1 2
- +
Figure 4.9: (a) Phase delay δ for the liquid crystal 5CB image with overlaid contour lines where the phase
delay is 0.4 (blue), 0.6 (black), 0.8 (light blue) and 1.0rad (red). The dashed lines are least square ellipse
fits to determine orientation and fraction of the semi axes. The scale bar corresponds to 1µm. The dotted
lines show the direction of the deflection (black), ordinary (blue) and extraordinary axis (red). (b) shows the
parameters extracted from the ellipse fitting. It plots the fraction of semi-major axis and semi-minor axis
against the average radius for PDMS (blue, a/b = 1.02±0.02) and 5CB (black, a/b = 1.18±0.03). The red
data points show the orientation of the semi-major axis for 5CB. (c) show line profiles (dots) extracted from
(a) and corresponding linear fit to the tails. The line profiles are extracted along the dotted lines in figure (a)
with the corresponding colors.
very good agreement with the one measured on a macroscopic sample with a laser flash measurement
(1.30±0.02) ·10−7 m2s−1 (Linseis LFA 1000).160
So far, photothermal microscopy has been used in isotropic and linear media to study thermal trans-
port. We quantify the anisotropy of the thermal transport in the liquid crystal 5CB. The principal axes’
orientation of the liquid crystal is determined using quantitative polarization contrast microscopy.135
Then the detection laser is polarized parallel to the extraordinary axis of the liquid crystal domain,
and the deflection is measured at an angle of approximately 45◦ to the principal axes. The phase
delay image and the corresponding line profiles along the principal axes and the deflection direction
are shown in fig. 4.9 (a) and (c).
The most striking feature of the line profiles is the initial decrease of the phase delay as the distance
to the nanoparticle increases. As the refractive index of the liquid crystal is large, the absorption
resonance of the gold nanoparticle is red-shifted. The absorption of the detection laser by the gold
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nanoparticles adds a stationary optical heating, which eventually leads to the nematic–isotropic phase
transition at Tc = 35
◦C and thus influences the photothermal deflection signal. If the distance between
the center of the detection laser and the position of the nanoparticle increases, the optical heating by
the detection laser decreases. Therefore, the phase transition in a smaller volume is modulated and
leads to a smaller phase delay. This dependence could be utilized to study the phase transition in
liquid crystals but requires a more refined model that includes the stationary heating by the probe
laser beam and nonlinearities of the thermal transport coefficients. For impact parameters larger than
the beam waist of the detection laser the phase delay is proportional to the impact parameter and
reflects the phase delay in the nematic phase of the liquid crystal.
To extract the anisotropy of the thermal transport, we fit a linear function to the tails of the phase
delay measured along directions of the principal axes of the refractive index of the liquid crystal. The
thermal diffusion length is determined with R−th = 0.95µm for negative impact parameters and R
+
th =
1.10µm for positive ones. For the extraordinary axis the thermal diffusion length are R−th = 1.15µm
and R+th = 1.45µm, respectively. The different results of the positive and negative deflection direction
result from a drift of the nanoparticle out of the heating focus, thereby reducing the heating power
at the gold nanoparticle. The phase transition is then modulated in a smaller volume, increasing
the thermal diffusion length. The above-reported values of the thermal diffusion length reveal an
anisotropy of about (18±2)%.
Alternatively, we analyze the contour lines for different phase delays, which enable the determination
of the orientation of the principal axes. The reference measurement in PDMS shows as expected an
isotropic thermal transport (see fig. 4.7 (d) and 4.9 (b)). From the phase delay image the contour
line is extracted (see fig. 4.9 (a)). To extract the orientation, the length of semimajor a and the
semiminor axes b, an ellipse is fitted to the data points using a least-squares algorithm.161 The ratio
a/b and the orientation of the semimajor axes are shown in fig. 4.9 (b). The anisotropy of the thermal
transport gives again (18± 2)% and the orientation angle of 47◦± 14◦ with the vertical axis agrees
well with the angle of 50◦ obtained from the polarization contrast measurement. A simulation of
the heat transport using COMSOL gives an anisotropy of the thermal diffusion lengths of 35%. The
lower ratio detected by our experiments is, however, expected as the nanoparticle is located at the
interface between liquid crystal molecules and glass. This deviation gives further evidence that local
heterogeneities in the thermal conductivity may be accessed by the presented method. It will be thus
highly interesting to apply this method to biological materials or even living cells.
4.2.4 Conclusion
We have shown that thermal waves generated by optically heated gold nanoparticles lead to the ob-
servation of resonances in the phase sensitive photothermal deflection signal generated by the local
refractive index change around the heated nanoparticle. This behavior is at first glance counterintu-
itive, as the temperature wave-field is overdamped. However, the resonances result from a projection
of the deflection amplitude onto the cos- and sin-functions.
As compared to the recently proposed frequency-dependent photothermal lensing measurements in
solids and liquids160 no modeling of aberrated laser beams is required. Here we employ a geomet-
ric optics model to extract thermal diffusivities from photothermal deflection measurements. The
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photothermal deflection has several advantages as compared to photothermal lensing. Photothermal
deflection does not need to deal with the competition between photothermal lensing and scatter-
ing which occurs for photothermal lensing and complicates the analysis of the photothermal lensing
approach. The two-dimensional information on photothermal deflection makes heterogeneities and
anisotropies of the thermal transport in the vicinity of the heated nanoparticle directly accessible. For
large impact parameters, the detection laser is not illuminating the nanoparticle. Therefore, the nano-
object is not heated by the detection laser. The exclusion of optical heating by the detection laser
is of particular importance if phase transitions are to be studied by photothermal microscopy. The
simple modeling makes photothermal deflection microscopy more appealing for the study of thermal
transport measurements of thermal transport in complex media.
We have used photothermal deflection microscopy to study thermal transport in a linear, isotropic
and a nonlinear, anisotropic medium surrounding a single nanoparticle by modeling the data with a
simple geometric optics model. The presented measurement scheme was used to detect anisotropies
in the thermal transport by determining the deflection in different directions in the liquid crystal 5CB.
Other currently existing techniques such as time-domain thermoreflectance6 are not applicable to the
study of thermal transport in polymers under mechanical load23 as the stretching of the polymer film
deforms the reflecting metal layer irreversibly, making the thermal transport measurement impossible.
As a first example, many phenomena observed in photothermal microscopy of liquid crystals may be
studied in greater detail.125–128
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4.3 Metal Nanoparticle Based All-Optical Photothermal Light Modulator
Abstract
We present a simple scheme for the manipulation of light intensity by light mediated by a dissipative
process. The implementation employs the heat released by an optically excited plasmonic metal
nanoparticle to control the size of an isotropic bubble in a nematic liquid crystal film. The nematic
film is designed as a zero-order half-wave plate that rotates an incident probe light polarization by
π/2 and is blocked by an analyzing polarizer behind the structure. The growing isotropic bubble
disturbs the half-wave plate and causes the probe to be transmitted through the modulator structure.
Our results demonstrate that dissipative processes may be advantageously used to control light by
light.
Adapted with permission from A. Heber, M. Selmke, F. Cichos: Metal Nanoparticle Based All-
Optical Photothermal Light Modulator, ACS Nano 8:2, 1893-1898 (2014). Copyright (2014) Amer-
ican Chemical Society. Details on the author contributions are given in the appendix 6.4.
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Controlling light propagation with light is intrinsically difficult as the photon–photon interaction
cross-sections are almost vanishing.162 Thus dielectric media have to pick up the role of photonic
modulators, and a number of different and highly advanced schemes have been proposed to con-
trol the flow of light by light with the help of nonlinear optical effects,163, 164 optical resonators,165
exciton polaritons,166, 167 or with the optical response of a two-level system in a single fluorescent
molecule.168 Approaches utilizing photoexcited carriers in biased p-i-n diodes provide high speed
switching at GHz frequencies.169 Twisted liquid crystal cells allow for polarization control in light
propagation.170 Many of these schemes utilize highly advanced structures and technologies for real-
izing these photonic modulators. Here, we report on an extremely simple all-optical modulator based
on a single metal nanoparticle embedded in a liquid crystal. The transmission of a focused laser
beam is controlled by the local phase composition in a liquid crystalline cell. This phase composition
is varied by an optical signal heating a gold nanoparticle. The presented modulator can be easily
prepared by simple self-organization methods and provides an example of a slow-speed dissipative
switch to control the propagation of light by light.
Our all-optical intensity modulator is constructed as a zero order half-wave plate (see fig. 4.10 and
Materials and Methods section). Therefore, we utilize a homogeneously aligned liquid crystal layer
with accurately tuned thickness into which single gold nanoparticles are embedded.
The birefringence of the liquid crystal causes a phase retardation β (eq. 4.13) between the electric field
components parallel and perpendicular to the director according to the ordinary n⊥ and extraordinary
refractive index n||,
101 the thickness d of the liquid crystal film and the vacuum wavelength λd of the





This retardation β increases with the thickness d at a given refractive index contrast ∆n = n⊥− n||
which is specified by the choice of the liquid crystal. At a retardation of β = π the liquid crystalline
layer acts as a half-wave plate. This is fulfilled for d = dmin = 3.2µm thick 5CB layer at T =
307K.101 At this thickness, the liquid crystal acts as a zero order half-wave plate rotating an incident
polarization of ζ = π/4 by π/2 where ζ is the polarization angle with respect to the liquid crystal
director.
As the transmitted light impinges on the analyzer oriented parallel to the incident polarization, no
light is transmitted through the modulator structure. The transmission through the whole structure




= 1− sin2(2ζ)sin2(β/2). (4.14)
An intensity modulator based on a nematic liquid crystal film thus has to control the thickness of
the nematic phase optically. This can be achieved by a gold nanoparticle placed on the PVA/5CB
interface. While the gold nanoparticle itself may induce a local distortion of the director structure171
it only negligibly perturbs the local transmission through the cell. If the gold nanoparticle is placed in
the focus of a laser beam resonant to the wavelength of the plasmon resonance (λh = 532nm), the heat
released by the particle172 will cause a local phase transition from the nematic to the isotropic phase.
The hot nanoparticle generates an isotropic bubble, which decreases the thickness of the nematic



































Figure 4.10: Scheme of the photothermal light modulator. (a) Side view: The modulator structure consists
of a liquid crystal and a gold nanoparticle heated optically to convert the liquid crystal from the nematic to
the isotropic phase. (b) Top view: The principle axis of the liquid crystal in the nematic phase is oriented at
45◦ to the polarization of the detection laser. The liquid crystal film of a well-defined thickness dmin forms a
zero-order half-wave plate.
layer locally and thus causes a smaller retardation of the field components of a weakly absorbed
laser wavelength λd (see fig. 4.10 for a sketch). If this isotropic bubble extends across the whole
film thickness, all light is transmitted. Consequently, the optically controlled heat dissipation of the
nanoparticle at its plasmon resonance controls the light transmitted through the modulator structure
between 0 and 100 %. As the liquid crystal is well- ordered on length scales of the probe beam waist,
the total optical contrast is mainly related to the quality of the polarizers in the modulator structure.
4.3.1 Results and Discussion
Stationary Response of the Modulator Structure In the steady state, the phase boundary between
the nematic and the isotropic liquid crystalline phase occurs at a distance RC, where the phase tran-
sition temperature matches the local temperature T (RC) = TC. Since the liquid crystal structure is
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anisotropic, the heat conductivity is anisotropic as well, and the phase boundary is nonspherical.102
Further, the interface to the PVA film and the glass cover slide will distort the temperature profile.173
For simplicity we model the temperature profile to be isotropic such that









with Pabs being the absorbed laser power at λh = 532nm, T0 the ambient temperature, κ the average
thermal conductivity of the liquid crystal, Pinc the heating power incident on the back aperture of
the microscope objective, σabs = 9.6·10
−15 m2 the gold nanoparticle absorption cross-section and
ωh = 270nm the beam waist of the heating laser. Taking all effects into account that lower the
intensity incident on the particle Pinc = 100µW corresponds to Pabs = 2.6µW (see also appendix
6.3). The changing radius of the isotropic bubble requires a detailed analysis of the light scattering
properties of the isotropic bubble, which is beyond the simple demonstration targeted here. We note
that a detailed modeling of the light scattering at this liquid crystal structure will allow a detailed
study of local phase transitions in liquid crystals as well, which is a new and promising field of
research for itself.26, 27
Here, we describe the change in the transmission by assuming that the thickness of the nematic phase
is given by the overall film thickness dmin minus the radius RC of the isotropic bubble created around
the gold nanoparticle (see fig. 4.10). Under steady state conditions the radius of the isotropic bubble
is given according to eq. 4.15 by RC = R∆T/[TC−T0], where R is the particle radius and ∆T = ∆T (R)











and using equation 4.14 the transmission through the modulator structure for an incident polarization












According to equation 4.17, the transmission depends only on the particle radius R, the ambient
temperature T0 and the temperature increment ∆T at the particle surface. Figure 4.11 (inset) plots
the expected transmission for various ambient temperatures as a function of the particle temperature
rise. At ∆T = 0 the modulator structure shows zero transmission, while the transmission becomes
maximal at ∆T = [TC − T0]dmin/R. Thus the temperature rise required to switch from zero to full
transmission decreases the closer the ambient temperature T0 is to the phase transition temperature.
The corresponding absorbed heating power is
Pminabs = 4πκdmin(TC −T0). (4.18)
Above this absorbed power, no further transmission changes occur. As the film thickness dmin is
typically 100 times larger than the particle radius R and the ambient temperature is about 0.1K below
the phase transition temperature, it requires a temperature rise of just 10K to switch from zero to
100 % transmission. The calculated transmission curves displayed in fig. 4.11 (inset) also reveal that
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 (a)  (b)
Figure 4.11: (a) Steady state response: The transmission of the probe laser beam is plotted against the incident
heating power. It is varied sufficiently slowly to achieve a steady state transmission signal of the system at
each incident heating power. The transmission is shown at different temperatures TC −T0 being 0.11K (red),
0.21K (blue), 0.43K (green) and 0.63K (black) below the nematic to isotropic phase transition temperature
TC = 307.5K. The corresponding dashed lines are tangents of the maximum slopes indicating the linear regime
and determining the experimental gain. The gray line is a fit of equation 4.17 to the experimental data. The
inset shows the theoretically derived transmission as a function of the temperature increase at the nanoparti-
cle’s surface according to eq. 4.17. (b) Gain factors: Comparison of theoretical (line) and experimental gain
factors (markers), which correspond to the maximum transmission increase per temperature and incident heat-
ing/absorbed power (see eq. 4.19). The labels on the right axis correspond to the experimental gain with respect
to Pinc (black) and Pabs (red).
the slope of the transmission curve is controlled by the ambient temperature. Thus a small particle
temperature variation δ∆T causes a strong transmission variation δT if the ambient temperature is
close to the phase transition temperature. The maximum slope of the transmission function T eq. 4.17
therefore defines the gain G eq. 4.19 of the system, i.e. the maximum transmission factor change per















This gain factor diverges in case the ambient temperature corresponds to the phase transition tem-
perature T0 = TC. It decays to zero if the ambient temperature is far below the phase transition
temperature. The modulator structure has two control parameters defining the transmission. The first
is the heating power, which controls the particle temperature rise and thus corresponds to the base
voltage of an electrical transistor and second the ambient temperature, which controls the gain.





































Figure 4.12: Step response of the optical modulator at TC −T0 = 0.2K: The transmission of the modulator
structure is displayed in response to a step-like switching of the heating laser. (a) The switch-on response is
plotted for incident heating powers at 70 (blue), 85 (light blue), 95 (green), 103 (black), 123 (red) and 170µW
(violet). (b) Switch-off response of the modulator structure at the same incident heating powers as in (a).
Experimental transmission data obtained with a 5CB liquid crystal modulator described above is
displayed in fig 4.11 (a). Details of the experimental setup can be found in the supplementary in-
formation and ref. 26. The graph shows the transmission at various incident heating powers and
different ambient temperatures T0. The ambient temperature is thereby controlled with a resistive
heater attached to the objective. The experimental data clearly follow the predicted behavior. The
closer the ambient temperature gets to the phase transition temperature, the steeper is the increase
in transmission with the incident heating power. The experimental data can be fitted with eq. 4.17
displaying a good agreement. At low powers deviations occur, which are due to the fact, that the
isotropic bubble is smaller than the beam waist of the probe beam. Between 80% and 100%, the
saturation of the transmission signal with rising incident heating power is slower than in the experi-
ment because of the spherical shape of the nematic to isotropic interface. The maximum slope of the
curve is shown in fig. 4.11 (b), characterizing the amplification factor of the modulator structure. The
experimental gain factor G is given by the maximum slope of the transmission curve with increasing
heating power. The incident heating power can be converted into a particle temperature rise using
the absorbed fraction of the power (see sapendix 6.3). This absorbed fraction of the heating power
is given by the fraction of the absorption cross-section σabs compared to the illuminated focus area
with a radius of 270nm (see eq. 4.15). Accordingly, a power of 10µW incident heating power corre-
sponds to a temperature increase of about 1K. Experimental gain values are given in µW−1, since the
temperature of the particle is not exactly known. The theoretical data is included using the left axis
for a gold nanoparticle with R = 30nm in a 5CB environment. Both the experimental and theoretical
gain factor agree well in their dependence on the ambient temperature T0. Thus, when stabilizing the
ambient temperature very close to the nematic–isotropic phase transition temperature strong changes
of the transmitted optical power can be obtained for very small changes in the incident optical control
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beam. This is in contrast to most all-optical modulators demonstrated before, which control a weak
signal with a very intense control beam. In the case of the presented photothermal modulator, this




































































Figure 4.13: Comparison of experimental and theoretical switching times at TC −T0 = 0.2K: (a) The times
required to change the transmission signal of the modulator by 50% are plotted for the switch-on (red) and
switch-off process (blue). The dashed lines show the results of the numerical simulations. The solid lines
represent the trend from a simple analytical model (see appendix 6.3). The markers display the experimental
results. (b) and (c) show the corresponding time-dependent transmission signals obtained from the simulations
using eq. 4.20 to get steady state transmission at T= 83% (blue), T= 92% (black) and T= 100% (red). The
solid lines include a heating effect due to the detection laser, whereas the red dashed line excludes that effect.
Dynamic Response of the Modulator Structure The second key factor characterizing the modu-
lator is related to the dynamics of the switching process. Here, the switching from zero transmission
to the steady state transmission and back is studied as a function of the incident heating power. There-
fore, the probe laser beam is focused onto the particle, the heating laser beam is switched on/off, and
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the time-dependent probe response is recorded at a time resolution of 20µs. At 0.2K below the
phase transition temperature, 50% of the transmission is reached after 0.1ms. The experimental data
are shown in fig. 4.13 for six different heating powers and reveal that most of the signal change is
occurring within a few milliseconds.
To quantify the time scale, we plot the time when half the steady state signal is reached in either the
switch-on or the switch-off process (see fig. 4.13 (a)). As found, the switch-on time is about 100
µs and almost constant for the considered heating power range. The switch-off time increases with
increasing heating power. This can be qualitatively understood from the following arguments. We
assume that the time required to reach half the steady state signal is mainly determined by the latent
heat required to convert the liquid crystal from the nematic to the isotropic phase in volume V1/2.
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The radius of the isotropic bubble grows linearly with the absorbed heating power. The radius R1/2
of the isotropic bubble required to generate half the steady state signal does not increase linearly with
the heating power since the relation between the heating power and the signal is nonlinear (see fig.
4.11 (inset)). R1/2 saturates for heating powers close to maximum transmission, which means, that
the volume to be converted to the isotropic phase in the switch-on process is almost constant at larger
heating powers. The studied steady state transmission range between 0.7 and 1 corresponds to this
large heating power regime, and thus no dependence of the switch-on time on the heating power is
observed.
In the switch-off case, the initial isotropic volume before switching the heating power off is still a
linear function of the heating power. The signal drops from the stationary isotropic bubble radius to
the half-signal radius R1/2. Thus the time scale of the switch-off is still increasing with increasing
heating power. The estimated time scales for the switch-on and switch-off process based on this
consideration (see appendix 6.3 for a detailed calculation) are plotted in fig. 4.13 (a), scaled in y-
direction, and confirm the observed trend. The switch-on and switch-off times differ as different
processes are responsible for their time scale. The switch-on time depends on the rate at which the
latent heat of the phase transition is supplied to the liquid crystal by the incident laser radiation,
whereas the switch-off time results from the transport of the latent to the environment and thereby on
the thermal diffusivity.
A more quantitative analysis requires considering the time-dependent heat equation including the
phase transition. The dynamics of a liquid crystal phase transition involving a moving phase bound-
ary can only be solved numerically. For this purpose, we employ the apparent heat capacity method.93
This method introduces an apparent heat capacity at the phase boundary consisting of the heat ca-
pacity C of the liquid crystal and the latent heat Hf of the nematic to isotropic phase transition. We
assume a spherically symmetric system neglecting the presence of the PVA/glass interfaces and the
anisotropic thermal conductivity κ, which allows to transforming the heat equation with apparent heat



















with ρ being the mass density and δ(T − TC) the delta distribution. The term S represents a heat
source present in the form of the gold nanoparticle. To be as close as possible to the experimental
conditions, we include a steady heating effect caused by the probe laser in the source as well. Us-
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ing the corresponding boundary conditions, we obtain the transient temperature profile in the liquid
crystal numerically (see appendix 6.3). To obtain the optical signal from the temperature profile, we
extract the radius of the phase boundary and employ eq. 4.17. The results of the numerical calculation
are shown in fig. 4.13(b) and (c) for switch-on and -off process. The shown striking similarity to the
experimental results further reveals the correct trends with increasing heating power (see fig. 4.13
(a)). The absolute time scale deviates by a factor of 2. We suppose that this deviation results from
the influence of the probe laser heating the particle. Neglecting the influence of the probe laser in the
simulations reveals a steeper response in the switch-on and the switch-off process as depicted by the
dotted lines in fig. 4.13 (b) and (c). Thus the probe laser may play an important role in the dynamics
of the optical switching process in the modulator structure. The deviations between experimental
and numerical data result from the simplifications made to solve the time-dependent heat conduc-
tion equation including a moving phase boundary and to model the light propagation. Two of the
assumptions are plane wave propagation for the optical signal and a spherical geometry of the phase
boundary in the heat conduction model. A technically more defined model will lead to q quantitative
agreement. The major physics is already captured by the simplified theory presented above.
4.3.2 Conclusion
We have presented a simple all-optical modulator based on an absorbing nanoparticle dissipating its
excitation energy as heat. We use an inherently linear process, the absorption of a single absorbing
nanoparticle, to modulate the transmission of the second beam of light using a driven phase transition
of a liquid crystal. While the speed of the modulating structure is limited by the phase transition, the
main goal of this report is to demonstrate that dissipative optical processes may provide a scheme to
manipulate light as well. The performance of the device could easily be improved by using nanopar-
ticles with a sharper and larger surface plasmon resonance like gold nanorods. Faster structures using
Mach-Zehnder type interferometers where the optical phase in one interferometer arm is manipulated
by optically controlled heating may speed up light modulation considerably.
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5.1 Summary of the Results
The advancing possibilities in material synthesis and sample preparation techniques have enabled un-
precedented control over photons and electrons. A new task is the control of propagation of phonons.
This aim requires suitable techniques for the characterization of thermal transport. Although several
advanced measurement schemes do exist for the study of thermal transport on virtually all length and
time scales, thermal transport studies are lacking a method that can measure thermal transport on
the single particle level using far-field optical readout and only require small temperature increases.
Single particle investigations will enable the measurement of the distributions of thermal transport
parameters and will, thereby, shed new light on heat conduction and radiative thermal transport.
The developed single particle thermal transport measurement schemes are based on optically heated
gold nanoparticles and possess far-field optical readout. Upon optical excitation plasmonic nanopar-
ticle relax within picoseconds via nonradiative decay channels creating a localized temperature eleva-
tion. Then, this thermal energy is released into the environment. A temperature change is connected
to thermal expansion that leads to a change in the refractive index. The heating induced refractive
index change, which alters the propagation of a detection laser, is the basis for the photothermal
contrast. Using a modulated heating laser and a continuous wave detection laser, photothermal mi-
croscopy can image absorbers ranging from single molecules31 to plasmonic nanostructures.35 The
modulated detection scheme is the foundation of the method’s high sensitivity and provides a time
scale for the study of thermal transport. The observation that the amplitude of the photothermal sig-
nal drops with the modulation frequency and thereby depends on the thermal diffusivity was already
made in the first experiments of single particle photothermal microscopy.43, 53 However, the accu-
rate measurements of the thermal diffusivity were not possible due to the lack of a suitable model.
The presented thermal diffusivity measurements are based on recent advances in the modeling of the
photothermal signal.26, 28, 30, 48, 119
Here, it is also demonstrated that single gold nanoparticles could be used as sensors for thermal
transport. This advance improves the sensing capabilities of single gold nanoparticles and enables
thermal transport measurements of samples that were not accessible before. A second aspect of the
thesis was the development of a photothermal light modulator based on a heated gold nanoparticle that
is embedded into a surface-aligned liquid crystal film. Here, modulation amplitudes of up to 100%
were observed, which is orders of magnitude larger than photothermal signals of 10−4 to 10−3 which
are typically present in photothermal microscopy. Using the photothermal contrast in liquid crystals,
an all-optical modulation scheme was presented that is also promising for sensing applications.
Results of Sections 4.1 and 4.2: Measurement of Thermal Diffusivities
Photothermal microscopy is implemented as a modulated detection scheme where the heating laser
is intensity modulated, and the detection laser senses variations at that particular frequency. The
modulation amplitude of the detection laser is called photothermal signal. Besides the modulation
amplitude, there is a phase delay between the modulation of the heating and the detection laser. This
phase delay is the consequence of the thermal transport. Temperature profiles are not instantly built
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up, and then the maximal temperature rise is not in phase with the maximal heating intensity. This
effect is utilized by the two detection schemes described in the following.
Photothermal Lensing Amplitude and phase delay of the frequency-dependent photothermal sig-
nal are measured at modulation frequencies between 10kHz and 2MHz. The modulation amplitude
decreases with the modulation frequency as the modulation of the temperature profile is diminished.
The phase delay between modulated optical heating and the detection laser increases. The measured
modulation amplitudes at one frequency are broadly distributed due to the dispersion of the particle
size and the signal’s proportionality to the particle’s volume. The statistical variation of the phase
delay is much lower. The phase delays of different particles at one modulation frequency have ap-
proximately the same standard deviation as the difference between the phase delays of two measure-
ments on the same particle. Therefore, the thermal transport is homogeneous in the sample, which
is an expected result. The deviations are explained by the manual focusing. The data analysis relies
predominantly on the phase delays because it is an absolute measure. The phase delay is only weakly
dependent on the particle size and independent of the heating intensity assuming that the thermal
diffusivity is temperature-independent. Therefore, a phase delay measurement at a single frequency
is in principle enough to measure the thermal diffusivity.
To extract thermal diffusivities the photothermal signal has to be modeled. The model considers
the thermal transport around a harmonically heated sphere which leads to a refractive index profile.
The latter alters the propagation of the probe laser which is modeled by a generalized Lorenz–Mie
theory.26 The calculated photothermal signal is compared to the experiment to extract thermal diffu-
sivities. If the aberrations of the probe laser beam are included in the model, the thermal diffusivity
measured with photothermal lensing agrees with a laser flash measurement. Deviations between
macroscopic and microscopic thermal transport measurements are not expected as the sample is ho-
mogenous and ballistic thermal transport is not expected for the polymer (PDMS).175
For the thermal diffusivity, an unexpected frequency dependence is observed. This deviation is not
rooted in the approximation of the thermal transport in eq. 2.31 as the approximation τm = 0 changes
the phase delay by less than 10−3 rad. This artifact is attributed to the imperfect modeling of the detec-
tion laser focus. The photothermal signal in single particle microscopy always has two contributions,
the thermal lens and the thermal scatterer. The share of each part depends on the modulation fre-
quency. At high modulation frequencies, the damping of the thermal lens is much stronger than that
of the thermal scatterer. The thermal scattering senses refractive index changes close to the nanopar-
ticle. To the thermal lens, regions far away from the nanoparticle contribute as well. If the modeling
of the laser focus is imperfect, the frequency dependence of the different contributions will result in
a frequency-dependence of the thermal diffusivity. This effect is stronger for larger nanoparticles as
the thermal scattering signal increases.
If thermal transport is studied with nanoparticles inside a liquid, the particles are diffusing freely.
Whenever a nanoparticles passes the laser foci, a short signal burst is recorded. This burst still has a
well-defined amplitude and phase delay. From time traces lasting 45min histograms are created that
count the number of events having a certain amplitude and phase delay. These histograms allow the
measurement of water’s thermal diffusivity which agrees very well with literature.
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Photothermal Deflection The thermal transport is investigated in two dimensions using photother-
mal deflection. The intensity modulated laser heats the nanoparticle. The extended thermal lens
deflects the detection laser scanned by galvanometer scanning mirrors. A split detector measures
the deflection in one direction. Thereby, the propagation of thermal energy into the environment is
probed. The detection laser beam underfills the back-aperture of the illumination objective to re-
duce spherical aberrations and clipping of the detection laser. The latter would additionally induce
a photothermal lensing signal. Using a lock-in amplifier the in-phase and out-of-phase components
of the deflection signal with respect to the optical heating are measured. The phase sensitive signals
show spatial oscillations. However, the amplitude of the photothermal signal does not exhibit any
spatial oscillations. The local extrema in the phase-sensitive signal result from the projection of the
amplitude onto cos(δ) and sin(δ) with the phase delay δ.
Using a ray optics model the measured phase delays are fitted to extract the thermal diffusivity of
the medium surrounding the nanoparticle. The measured values agree with a macroscopic laser flash
measurement and the photothermal lensing variant. The phase delay images are spherically symmet-
ric on the position of the gold nanoparticle except at small impact parameters where no deflection
is present. The spherical symmetry is expected due to the isotropic, homogenous thermal transport
in PDMS. In a nematic liquid crystal, the spherical symmetry is lost, and the phase delay images
become elliptic. The orientations of semi-minor and semi-major axes agree very well with a polar-
ization contrast measurement. The anisotropy of the thermal diffusion length is lower than expected
from a numerical calculation. This result is explained by the position of the gold nanoparticle which
is located at the glass liquid crystal interface lowering the anisotropy of the thermal diffusivity. The
result demonstrates the potential of photothermal deflection to study thermal transport at interfaces.
In the liquid crystal (5CB), the phase delay decreases for small impact parameters. Once the impact
parameter is larger than the beam waist of the detection laser, the phase delay increases. At long
distances, the phase delay increases linearly. Here, thermal transport is studied in the nematic phase.
At small distances, the detection laser heats the nanoparticle due to the large refractive index of the
liquid crystal that shifts the plasmon resonance of the nanoparticle to the red. Therefore, the phase
transition from the nematic to the isotropic phase is driven in an extended volume increasing the phase
delay. This observation has the potential to enable the study of phase transitions in liquid crystals in
greater detail as well as other materials.
Comparison of Photothermal Lensing and Deflection This thesis presented two variants of single
particle photothermal microscopy that allow the study of thermal transport using single nanoparticles
and far-field optical readout. The differences are as follows: In the photothermal lensing approach,
the detection laser overfills the back-aperture of the illumination objective and both laser beams are
fixed on each other. In the photothermal deflection experiment, the detection laser underfills the illu-
mination objective. The heating laser remains fixed on the particle, and the detection laser is scanned
probing the full thermal lens. The photothermal lensing signal has two different contributions, the
thermal lens and the thermal scatterer. The presence of both mechanisms requires the use of elec-
tromagnetic optics to model the signal quantitively. At large impact parameters, the thermal lens is
the only contribution to the deflection signal. Therefore, a simple ray optics model is enough to cal-
culate the phase delay quantitively. The simple modeling makes the deflection implementation more
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appealing for future experiments were more complex sample geometries shall be studied. Photother-
mal deflection is used to study thermal transport in an anisotropic sample. Photothermal lensing can
measure thermal diffusivities inside liquids.
Results of Section 4.3: Photothermal Intensity Modulator
Nematic liquid crystals are optically anisotropic materials that alter the polarization state of light.
Into an aligned liquid crystal film, single gold nanoparticles are embedded. The liquid crystal layer
acts as a half-wave plate which is achieved by choosing the appropriate layer thickness. Light is
linearly polarized at a 45◦ angle on the principal axes. The liquid crystal film rotates the light by
90◦. The whole sample is heated close to the nematic to isotropic phase transition temperature where
the optical anisotropy is lost. Now, an optical heating of the gold nanoparticle can cause the phase
transition over the whole sample thickness. The polarization of a linear polarized probe laser is not
rotated any more. Using a polarizer that is parallel to the incident polarization, the intensity of the
detection laser is modulated.
In the experiment, the transmission of the detection laser is studied when the nanoparticle is optically
heated. A heating of the whole sample controls the gain of the photothermal modulator. At the sample
temperature closest to the phase transition, 220nW absorbed power or 1K temperature increase at
the particle’s surface can change the transmission signal by up to 20%. The biggest drawback of this
intensity modulator are the low switching rates due to the phase transition. The closer the modulator
is operated at the phase transition temperature the slower it gets. The switch-on time is limited by
the rate at which heat is provided for the phase transition. The switch-off depends on the transport
of thermal energy into the environment. For the studied heating powers, the time to switch from 0 to
50% transmission is independent of the heating power. For larger heating powers the switching time
would decrease. This decrease would increase the switch-off times from 100% to 50% transmission
as more thermal energy has to be dissipated.
5.2 Outlook
This thesis has demonstrated the applicability of photothermal microscopy to the study of thermal
transport and the control of light transmission. Now, some experiments are described where the
developed techniques can be employed, and some possible perspectives of future research are given.
Single Laser Beam Photothermal Microscopy The throughout understanding of the frequency-
dependent photothermal lensing signal has already resulted in a variant of photothermal microscopy
that only requires a single laser beam. The single beam detection scheme can discriminate between
absorbers and scatterers.142 Scattering is an almost instantaneous process whereas absorption creates
the thermal lens. At high modulation frequencies, the maximal temperature elevation and maximal
heating intensity are phase-delayed. Using a heating laser that is intensity modulated with an offset,
absorbers are selectively imaged in the presence of scatterers. The scattering signal is always in phase
with the modulation. The absorption also results in a component that is out-of-phase. The described
properties are the basis for the selective imaging of absorption.
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Single beam photothermal microscopy will simplify absorption measurements using photothermal
microscopy. The use of a single laser makes the imaging scheme simpler to set up and more robust
compared to pump-probe detection schemes. The biggest drawback is the lower signal to noise ratio.
Using a detection laser beam with radially balanced annuli the signal to noise could be enhanced and
the scattering signal reduced.27, 176 The large scattering signal might be the reason for a cross-talk
between in-phase and out-of-phase signal which creates an out-of-phase signal for pure scatterers.
With this optimization single beam photothermal microscopy could be used for selective imaging of
gold nanoparticles in biological systems.
Thermal Transport Studies using Photothermal Lensing To improve the precision of the ther-
mal transport studies using photothermal lensing an autofocus system should be implemented. The
manual focusing was the primary random error source in the measurement. A concern in the mea-
surements was the accuracy of the method as aberration influences the experiment. Here, different
approaches are possible: The illumination objective could be underfilled to reduce spherical aberra-
tions. A second more demanding approach is the correction of the aberrations which could also be
performed in real-time.177, 178 The study of thermal transport in heterogeneous samples like polymer
films and cells should include a monitoring of the aberrations. The control is important to exclude
the possibility that heterogeneous thermal transport might only be a measurement artifact due to
heterogeneities of the refractive index.
Thermal Transport Studies using Photothermal Deflection The photothermal deflection mea-
surement could be improved by using a quadrant photodiode. Then, the photothermal deflection
would be measured in two orthogonal directions enabling the reconstruction of the direction of the
deflection. This modification would improve the sensitivity for the measurement of anisotropic and
heterogeneous thermal transport. Possible experiments using photothermal deflection are the fol-
lowing: Energy transport in chains of plasmonic nanoparticles,144 thermal transport through inter-
faces,179 and transport in stretched polymer samples.23 Especially the latter measurement of the
strain-dependent anisotropy of the thermal conductivity is not possible with current techniques. A
first approach using a polymer (PDMS) failed due to significant spherical aberrations. High numer-
ical aperture objectives are optimized for well-defined refractive indexes. For significant refractive
index mismatches like 0.1, large spherical aberrations occur that make the measurement impractica-
ble. This deviation occurs if a PDMS substrate is used instead of glass. Again this challenge can be
solved by aberrations corrections.178
Photothermal Light Modulator The biggest limitation of the photothermal light modulator is the
low operation speed. The switching rates could likely be enhanced if the switch is integrated into
an optical fiber. The volume in which the phase transition is modulated could be reduced, and the
nanoparticle could be placed in the center of the liquid crystal. This adaptation would significantly
enhance the operation speed. The biggest strength are the large modulation amplitudes at moderate
heating powers. This feature makes the light modulator structure applicable as a sensor for acoustic
waves and an amplifier. The amplifier could be used to detect objects that absorb very weekly and
are not able to drive the nematic-isotropic phase transition of the liquid crystal. The modulator would
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be prepared in the state where the transmission change with temperature is the largest. Then a small
heating by a weak absorber would cause a large change in the transmission of the detection laser. The
other possible application of the light modulator is the sensing of acoustic waves. The nanoparticle
is heated, and a phase boundary in a particular distance is created. This phase boundary is then
deformed by an acoustic wave and would induce a change in the transmission signal.
Photothermal Lensing and Phase Transitions A more refined model of the photothermal signal
that includes phase transitions has tremendous potential. Based on the latter the phase transition in
the liquid crystal can be studied in greater detail, and latent heat capacities can be measured. A
more detailed model could be used to identify the optical parameters of sample temperature, heating
and detection laser intensities and modulation frequencies. The largest observed enhancement factor
compared to glycerol is 20, which is surprisingly small. Thereby, the sensitivity of photothermal
microscopy could be enhanced, and the system is easier use than a pressurized xenon gas.130 In
general, the interesting phenomenology of the photothermal signal in liquid crystals could be studied
in detail.127, 128 The observed behavior could be explained using thermal transport and scattering
calculations compared to a phenomenological model.
Sensing based on the Measurement of Thermal Transport The study of thermal transport is not
only interesting due to fundamental interest and for material research, but also due to its applicability
as a sensor. A change in the thermal transport around a nanoparticle can give much information. One
example is single particle tracking of a gold nanoparticle dispersed in water at interfaces using pho-
tothermal microscopy. By measuring the thermal diffusivity, the relative distance between the gold
nanoparticle and the interface can be determined if the interface has a thermal diffusivity differing
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Figure 6.1: (a) Calculated phase delay for two differently sized gold nanoparticles at Rth = 150nm assuming
a Gaussian intensity profile in der Laser focus in PDMS. (b) Phase delay for nanoparticles with different
diameters at z =−320nm.
6.1 Supplementary Information for Section 4.1
6.1.1 Sensitivity of the phase delay to parameter changes
Calculations have also been performed for Gaussian beams, which significantly decreases compu-
tation times and still captures the main dependencies. It is found that the optically detected phase
delay depends on the particle size (see fig. 6.1 (a) and (b)), refractive index, the detection aperture
and the characteristic of the incident detection laser beam. The size dependence results from the fact
that the heated gold nanoparticle with the refractive index profile acts as a modulated scatterer and a
thermal lens at the same time. The contribution of either mechanism changes with particle size. For
small particles the thermal lensing is dominant whereas for large particles the scattering contribution
is considerably enhanced.143 A size dispersion of 12% and an average radius of R = 5nm result in an
error of the measurement of the thermal diffusivity of less than 1%.
The temperature dependence of the thermorefractive coefficient of the surrounding material and the
∂nT of the nanoparticle alter the results of the calculation only weakly. This has the effect that the
frequency dependencies of photothermal signal’s amplitude and phase delay do not depend on the
heating power. We find that the displacement between both laser foci along the optical axis does
not change the phase delay in the distance dependence between the nanoparticle and the detection
laser focus (see fig. 6.1 (b)). The displacement between detection and heating laser alters amplitude
and position of the maximal photothermal signal.26 Therefore, the phase delay at the position with
maximal signal amplitude is changed. In section 4.1 only numerical calculations using exact beam
descriptions are compared to the experimental data to obtain the thermal diffusivity of the material
surrounding the gold nanoparticle.
6.1.2 Correction of the phase delay
The acoustooptic modulator and the photodiode have phase delays that depend on the modulation
frequency. To correct for that the phase delay of the modulated heating laser φheat is measured. This
phase delay is very stable and only change by less than 0.001rad over days. The phase delay which
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Figure 6.2: Transmission electron micrograph of gold nanoparticles with 5nm in radius. Kindly supplied by
Nanopartz Inc.
is induced by the thermal transport φ is calculated by subtracting φheat from the phase delay measured
by the lock-in amplifier.
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6.2 Supplementary Information for Section 4.2
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Figure 6.3: Line profiles of the phase delay (squares) between deflection signal and time-harmonic optical
heating as well as the corresponding fit (solid lines) at 50 (black), 100 (red), 200 (blue), 400 (green) and
1000kHz (orange).
6.2.2 Reference measurement for anisotropic thermal transport
Here, we show the reference experiment for the anisotropic thermal transport. We conduct this mea-
surement in the isotropic medium PDMS to validate that photothermal deflection is capable of quan-
tifying anisotropies in the thermal transport. The anisotropy of the thermal transport is determined in
two different ways.
Least-square fitting of ellipses Contour lines are determined from the phase delay images (see fig.
6.4 (a)). The anisotropy is determined by fitting an ellipse to the experimental data and calculating the
fraction of semi-major a and semi-minor axes b (see fig. 6.4 (b)).161 For distances larger than 800nm
the fraction gives the expected result being close to one. The deviation for small impact parameters
results from the fact that the interaction between light and refractive index profile is more complex
than assumed by our simple ray optics model. The ray optics model is not expected to give perfect
agreement for impact parameters smaller than the beam diameter. The phase delay for large impact
parameters is well suited to detect anisotropies in the thermal transport.
Linear fitting to straight tails For large impact parameters, the phase delay increases proportion-
ally to the distance of the nanoparticle. From the phase delay images (see fig. 6.5 (a)) line profiles are
extracted between −60◦ and 60◦ with respect to the deflection direction at 5◦ increments (see fig. 6.5
(b)). Then linear functions are fitted to the line profiles for impact parameter from 800 to 1500nm.
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The fitted slopes are the inverse thermal diffusion length which is plotted in fig. 6.5 (c). The thermal
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Figure 6.4: (a) Phase delay image at 200kHz modulation frequency with contour lines at 0.4 (red), 0.6 (light
blue), 0.8 (black) and 1.0rad (blue) and the corresponding ellipse least-square fits (thin red lines). (b) The









































Figure 6.5: (a) Phase delay of the deflection signal with respect to the time-harmonic heating at 200kHz.
Measured deflection direction (orange line). (b) Extracted phase delays at angles between −60◦ and 60◦ with
respect to the deflection direction. (c) Slopes of the linear fits to the phase delays for the left part (black) and
right part (red) of the line profiles of the phase delay. The solid lines show the average slope.
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6.2.3 COMSOL calculation
The heat transport is calculated using COMSOL assuming an unidirectional anisotropic thermal trans-
port with a heat capacity of Cp = 2000Jm
−3 K−1, a density of ρ = 1000kgm−3, thermal conductivity
of 0.30Wm−1 K−1 along the extraordinary axis and 0.15Wm−1 K−1 along the ordinary axes.102 The
heat source is 30nm in radius and harmonically modulated at 200kHz. The calculation is performed
for ten modulation cycles. Then the phase delay for each distance is determined using the last two
cycles of the calculation. Using affine fits the thermal diffusion length is extracted. The thermal dif-
fusion length is 653nm along the extraordinary axis, 483nm along the ordinary and 555nm at a 45◦























Figure 6.6: Calculated phase delay (squares) along the extraordinary (red), ordinary (black) and at a 45◦ angle
with respect to the principal axes (blue) in 5CB at a modulation frequency of 200kHz. The solid lines show
the affine fits to extract the thermal diffusion length.
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6.2.4 Deflection amplitude in 5CB
For small distances and large signal amplitudes, the photothermal deflection is mirror symmetric with
respect to the horizontal line where no deflection is detected. Here, the phase transition is modulated
(see fig. 6.7 (a)). This statement is supported by the comparison of the line profile in 5CB with the
PDMS one (see fig. 6.7 (b)). The 5CB line profile is already damped for smaller distances which are
caused by the nonlinearity of the refractive index if the phase transition is modulated.101 For larger
distances, the phase transition is not modulated anymore, and the deflections become anisotropic due






















Figure 6.7: Photothermal deflection amplitude at modulation frequency 50kHz. (a) Image of the deflection
amplitude and (b) the corresponding deflection amplitude compared to PDMS
6.3 Supplementary Information for Section 4.3
6.3.1 Characterization of the Liquid Crystalline Domains
The orientation angle of the director ΨD, retardation β and twist angle φ of the liquid crystal sample
are determined using the polarization contrast method described by Duran et al.135 Therefore raster
scanned polarization contrast images are recorded at different polarization angles like in fig. 6.8
(a). For each polarization an image is recorded with the analyzer being parallel and perpendicular
to the polarizer. A fit of the intensity as a function of the polarization angle by eq. 3.9 and 3.10
for each pixel yields the parameters locally characterizing the liquid crystalline domains.135 For the
fit procedure φ = 0 is assumed as only one glass cover slide is rubbed unidirectionally. The liquid
crystal chamber is formed by a rubbed and an untreated PVA coated cover slip creating untwisted
liquid crystalline domains. The results for the orientation of the director and retardation are shown in
fig. 6.8 (b) and (c). The images show domains where the director is centred around ΨD = 14
◦ and the
retardation around β = 90◦ (see the histograms in fig. 6.8 (d) and (e), respectively). The orientations
of the domains are given with respect to the coordinate frame of the polarizer. The results presented
in section 4.3 were measured on the particle which is in the black box in fig. 6.8. The particle is not
visible in the polarization contrast image as the probe laser is not focused on the particle.























































Figure 6.8: (a) The polarization contrast measurements yield (b) the orientation and (c) the retardation of
the liquid crystalline sample. The dots in (c) are random errors of the retardation. From these images the
histograms of (d) the orientation and (e) the retardation are calculated.
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6.3.2 Incident Heating Power, absorbed Power and Particle Temperature
The incident heating power P0 used in section 4.3 is the power of the heating laser which is measured
in front of the focusing objective. See figure 3.1 (a) for sketch of the setup. Here die signals of
the photodiode are recorded by the Adwin-Gold. Using this power and the beam waist ωh, the
peak intensity I0 in the focus of the beam is calculated via 2P0 = Iπω
2
h.
159 The absorbed power
Pabs = I0σabs is calculated from this intensity I0 and absorption cross-section σabs at 532nm. As
the focusing objective is overfilled the incident heating power Pinc after the objective is lowered by
approximately 50 %.26 Taking this into account, the temperature on the surface of the particle ∆TS is
computed via the resulting steady state 1/r temperature profile




where σabs ≈ 10−14 m2 is the absorption cross-section of a R = 30nm sized gold nanoparticle at
λh = 532nm in 5CB, ωh = 270nm is the beam waist and κ = 0.15Wm
−1K−1 the average thermal
conductivity of the liquid crystal 5CB.102 This calculation yields a 10 K temperature increase of the
particle per 10µW incident heating power which is about five times larger than the value determined
by the experiments in section 4.3. The primary reason for this deviation is likely the overestimation
of I0 due to the presence of aberrations which lower the heating laser intensity incident on the parti-
cle.26 To quantify this contribution rigorous scattering calculations are necessary. ∆TS will be further
reduced due to the nearby glass interface173 which has a seven times higher thermal conductivity than
5CB. Also, the nanoparticle is not necessarily in the focus of the heating laser beam, thus reducing
the intensity further. All these effects lower the temperature reached on the nanoparticle’s surface.
Based on that consideration we estimate that Pinc = 10µW correspond to Pabs = 260nW. This results
to a surface temperature increase of ∆T = 1.1K.
6.3.3 Calculated Temperature Profiles
The numerical evaluation of the optical signal requires the numerical solution of eq. 4.20. It yields
transient temperature profiles T (r, t) from which the radius of the nematic-isotropic boundary RC(t)
is computed from the condition T (RC, t) = TC. The calculation is performed using COMSOL
Multiphysics into which the apparent heat capacity method93 is implemented. The calculation of
the switching on process starts at a constant temperature T0 and a phase transition occurring at
TC −T0 = 0.2K. At t = 0 the heat source is switched on and the temperature profile starts to build
up. The steady state temperature of the nanoparticle is reached within a few hundred nanoseconds.
Somewhat later, the stationary temperature is approached also further away from the particle. After
approximately 10 ms the steady state temperature is established 3µm away from the nanoparticle
(see fig. 6.9 (a)). The resulting optical signal is plotted in fig. 4.13 (b).
The radius RC(t) at which the phase transition occurs is visible as a kink in the transient temperature
profile. At this position, thermal energy is used to change the phase from the nematic to the isotropic
one. Afterward, the temperature is increased further. In general, the time interval required to establish
the steady state temperature profile is considerably longer if a phase transition is present but its shape
is not affected. The steady state 1/r temperature profile only depends on the thermal conductivity
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Figure 6.9: Numerically calculated transient temperature profiles for (a) the switching on and (b) the switching
off process. (a) shows the transient temperature profiles from left to the right at 10ns (red), 100ns (orange),
1µs (light green), 10µs (green), 100µs (green), 1ms (light blue) and 10ms (blue) after the switch-on process
and (b) are same times for the switching off. The solid black lines show the temperature profile of a stationary
point-like heat source where the surface temperature of a R = 30nm is increased by 20 K.
which is not assumed to change. Indeed, the change of the average thermal conductivity is negligibly
small.102
For the calculation of the switching off process the calculation starts with an initial 1/r profile for a
point-like heat source and the source term S is set to zero. As T = TC is reached latent heat has to be
dissipated first. This has the effect that the temperature profile remains close to that temperature for
a rather long time over a large volume. Strong temperature gradients are dissipated first (see fig. 6.9
(b)). The optical signal is computed via eq. 4.17 and also plotted in fig. 4.13 (c).
6.3.4 Analytical Model
The aim of the analytical model is to derive the changes of the times needed to reach 50% of the
transmission after switching on or switching off the modulator as the absorbed power Pabs increases.
From the optical signal the radius of the isotropic bubble RC can be calculated. Take eq. 4.17 and
equal the transmission T to one half of the steady state case. The corresponding radius R1/2 is
computed by solving eq. 4.17 for










The radius corresponding to the steady state is computed via the steady state 1/r temperature profile.
Here, we consider the switch-on process first. The time needed for the change of the transmission
from zero to one half of the steady state is expected to be limited by the time it takes to melt the
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Here, the time ∆t to build up the temperature profile is determined by the quotient of the latent heat QL
and the absorbed power Pabs. In this approach, the specific heat is neglected which is approximately
of the same size depending on integration constants.174 The curve is shown in fig. 4.13 (a) (red line)
and scaled in the y-direction to fit the experimental data as this derivation is only qualitative.
Next, we consider the model for the switch-off process. The basis for the following will be Fourier’s
first law q̇ = −κ∇T , where q̇ is the heat flux per time and surface area. If the equation is integrated







∇T · dA. (6.4)
∇ is the gradient operator in spherical coordinates. As the problem is spherically symmetric the
derivatives with respect to the polar φ and the azimuthal angle θ vanish. As any closed surface
around the point-like heat surface gives the dissipated power by the point-like heat source a sphere
with the radius R′ is taken. Therefore dA becomes erdA where spherical coordinates are taken for the












The temperature gradient ∂T∂R′ is assumed to be constant on the whole integration surface and the
gradient of the steady state is chosen. If this integration is performed and the difference quotient are






For the gradient ∆T∆R′ the values for R1 and R1/2 are plugged in. And for the surface O the average







The results are scaled in the y-direction and plotted in fig. 4.13 (a) (blue line). This equation gives
the time needed to dissipate the latent heat of the isotropic to nematic phase transition of the volume
V1 −V1/2. Equation 6.7 can also be viewed as the time interval ∆t it takes for a point-like with the
power Pabs to dissipate a certain thermal energy ∆Q. This time interval is only a lower bound for the
switching off process as the specific heat has to be dissipated as well and the steady state gradient is
always larger than the actual temperature gradient present (see fig. 6.9 (b)). But this approach should
show the dependence of the switching off time with increasing absorbed power.
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6.4 Author Contributions to the Peer Reviewed Journal Articles
The purpose of this section is to state the contributions of each author to the peer reviewed journal
articles forming the main part of this dissertation.
Thermal diffusivity measured using a single plasmonic nanoparticle160 André Heber designed
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measurement was performed by Felix Fahrnbauer and André Heber. The electromagnetics optics
model was developed and implemented by Markus Selmke and modified by André Heber to match
the requirements for the data analysis. The manuscript was drafted by André Heber and subsequently
edited by all authors. All authors discussed the results. The study was conceived by Frank Cichos
and Markus Selmke, and supervised by Frank Cichos.
Thermal Diffusivities Studied by Single Particle Photothermal Deflection Microscopy180
André Heber designed, performed the experiment as well as the data analysis. The ray optics model
was implemented by Markus Selmke and modified by André Heber to match the needs for the data
analysis. The manuscript was drafted by André Heber and subsequently edited by all authors. All
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signed, performed the experiment as well as the data analysis. The model required for the data
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